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CHAPTER I 
INTRODUCTION 
Shipping fever is an acute and often fatal pneumonic disease of cattle in which 
there is widespread destruction of pulmonary tissue. Pulmonary lesions are characterized 
histologically by massive exudation of neutrophils and fibrin-rich plasma into airways 
and alveoli. Paradoxically, it appears that this excessive host inflammatory response is 
principally responsible for the severe lung pathology, rather than the direct effects of the 
causative bacterium, Pasteurella haemolytica. 
Chemotactic agents responsible for the rapid influx of neutrophils into sites of 
infection have not all been conclusively identified, but both in vivo and in vitro studies 
have shown that eicosanoids are known to play a major role. Eicosanoids are derived 
from arachidonic acid (AA), which is released from membrane phospholipids by the 
action of phospholipases. The free atachidonic acid is then metabolized via one of two 
major pathways: by cyclo-oxygenase to prostaglandins and thromboxanes or by 
lipoxygenase to hydroxyeicosatetraenoic acids and leukotrienes. Leukotriene B4 (LTB4), 
a product of 5-lipoxygenase (5-LO), is recognized to be a potent and reliable chemotactic 
agent for bovine neutrophils. 
There is reliable evidence (Clinkenbread et al, 1994) that synthesis of L TB4 by 
bovine neutrophils is stimulated by the direct effects of Pasteurella haemolytica 
leukotoxin (LKT) and that this effect 1s dependent on increased intracellular Ca2+ 
concentration ([Ca2+Ji) resulting from influx of extracellular Ca2+. LKT-induced 
production of LTB4 is increased substantially by provision of exogenous AA, suggesting 
that release of AA from membrane phospholipids is the rate-limiting step in eicosanoid · 
2 
synthesis. Such release· of AA from phospholipid membranes is accomplished by 
phospholipases, particularly phospholipase A2 {PLA2), which is regulated by signal 
transduction pathways involving [Ca2+Ji and phosphorylation as well as by other 
. phospholipases. 
The overall goal of piis dissertation research was t9 examine the role of PLA2 in 
LKT-induced synthesis of L TB4 and to identify important mechanisms· of PLA2 .. 
regulation. A clear understanding of the involvement of phospholipases in the molec:ular 
pathogenesis of pneumon:ic pasteurellosis · would facilitate identification of mechanisms 
that can be targeted using specific anti"'inflamma:tory agents. 'fhe use of such agents to 
' . 
suppress the· uncontrolled pulmonary exudation is likely to have the benefit of restoring 
. . . 
effective neutrophil phagocytic function as well. as enhancing the. efficacy of antibacterial 
therapy. 
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CHAPTER II 
LITERATURE REVIEW 
Bovine Respiratory Disease 
Bovine respiratory disease (BRD), commonly referred to as shipping fever, is an 
acute fibrinopurulent, necrotizing, bronchopneurnonia that is caused by a combination of 
various . stressful factors and infectious agents including bacteria, viruses, and 
mycoplasma (Rehrntulla and Thomson, 1981; frank, 1989; Whitely et al, 1992). An 
accurate accounting of annual losses due to shipping fever is not available, but it has been 
estimated that these approximate $800 million in the United States (Weekly et al, 1998), 
making it the most economically important disease to the beef feedlot industry in North 
America. 
Outbreaks of bovine pneurnonic pasteurellosis usually occur within two weeks 
after calves arrive in the feedlot and commonly last for about 2 - 3 weeks thereafter 
(Yates, 1982). Morbidity ranges from 3 - 45% while mortality is usually 1 - 2% (Yates, 
1982; Conlon et al, 1995; Ribble et al, 1995a). The clinical signs of bovine pneurnonic 
pasteurellosis have been well described by Wikse and Baker (1996). Cardinal signs 
include depression, anorexia, dyspnea, nasal discharge, abnormal lung sounds, coughing, 
and high fever. The severity of clinical signs may vary from inapparent to rapidly fatal 
disease. Generally, feedlot calves exhibiting depression and body temperature> 40.5°C 
without any obvious etiology are initially diagnosed as suffering from shipping fever 
(Ribble et al, 1995b ). 
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Although the etiology of BRD appears to be multifactorial, usually involving a 
combination of transportation and/or cold weather, viruses, and bacteria (Frank, 1989), 
the primary etiological agent responsible for inducing pulmonary lesions is Pasteurella 
haemolytica biotype A serovar 1 (Al) (Rehmtulla and Thomson, 1981; Wilkie and 
Shewen, 1988). P. haemolytica Al is the most frequently isolated bacterium in cases of 
shipping fever: according to a diagnostic study of304 cattle that died of BRD in Texas 
and Oklahoma, P. haemolytica was isolated from 71.1 %, P. multocida was isolated from 
21.1%, and Haemophilus somnus was isolated from 7.8% of cases (Welsh, 1993). 
Similar results were generated by a survey of Colorado feedlots (Wilkie and Shewen, 
1988). Although the involvement of predisposing factors in the etiology of BRD 
complicates establishment of experimental infections, several researchers have been able 
to produce lung pathology similar to that observed in natural cases by transthoracic or 
intratracheal inoculation of P. haemolytica Al alone(Panciera and Corstvet, 1984; Ames 
et al, 1985). Furthermore, vaccination of calves with various P. haemolytica antigens 
affords a degree of protection against natural infection, although much work still needs to 
. be accomplished before a reliable vaccine is developed. Stress factors and other 
infectious agents, particularly viruses such as parainfluenza 3, infectious bovine 
rhinotracheitis (IBR), bovine virus diarrhea (BVD), and bovine syncytial virus, are 
believed to predispose cattle to BRD by enhancing colonization and proliferation of P. 
haemolytica Al in the upper respiratory tract (URT) and lung (Yates, 1982; Whitely et al, 
1992). 
The pathological characteristics of pneumonic pasteurellosis have been studied in 
natural and experimentally infected cases of shipping fever (Panciera and Corstvet, 1984; 
Ames et al, 1985). Classical features include massive fibrin exudation and extensive 
neutrophil infiltration into airways and alveoli, venous, arterial, and capillary thrombosis, 
foci of coagulation necrosis at the terminal bronchioles, and alveoli surrounded by 
bacteria and degenerating inflammatory cells. When shipping fever was experimentally 
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produced by intratracheal inoculation, atelectasis and neutrophil infiltration of alveoli and 
bronchioles occurred prior to development of fibrinous pneumonia, which involved 
exudation of fibrin into alveoli, capillary thrombosis, and areas of necrosis bordered by 
fusiform macrophages (Friend et al, 1977). The role of neutrophil infiltration in the 
pathogenesis of BRD has received much attention, and there is evidence that mobilization 
of neutrophils fails to combat bacterial infection and that de granulation and lysis of these 
phagocytes release damaging products that directly aggravate lung injury (Breider et al, 
1988; Slocombe et al, 1985). 
Pathogenic mechanisms proposed to explain the development of severe lung 
pathology in pneumonic pasteurellosis recognize threemajor stages: first, environmental 
stressors combined with viral infection depress URT defenses allowing rapid 
multiplication of P. haemolytica Al. Initial proliferation and colonization of P. · 
haemolytica AI in the nasopharynx and tonsils has not been extensively investigated, but 
several probable mechanisms have been proposed (Confer et al, 1995; Whitely et al, 
1992). Based on studies of other gram-negative bacteria, two major factors are believed 
to contribute to bacterial colonization: alterations in mucociliary function and adhesion of 
bacteria to epithelial cell surfaces. The latter may be affected by host and bacterial 
factors. For example, viral infection may cause degradation of the fibronectin layer that 
covers normal epithelial surfaces, thus preventing binding of bacteria to epithelial cell 
adhesins (Proctor, 1987; Woods, 1987; Briggs and Frank, 1992). Bacterial virulence 
factors that may promote colonization and adherence include fimbriae or pili, capsule 
polysaccharide, outer membrane proteins, lipopolysaccharide, neuraminidase, and neutral 
glycoprotease (Confer et al, 1995). 
The second phase in the pathogenesis of pneumoiiic pasteurellosis is believed to 
involve extension of the infection from the URT into the lung. Lung colonization 
apparently occurs by inhalation of aerosols containing bacteria derived from rapid 
multiplication in the nasopharynx (Frank et al, 1989). Considering that intranasal 
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inoculation in the absence of stress or viral infection usually fails to produce pneumonia, 
it is clear that lung colonization also depends on depression of host defenses by agents 
other than P. haemolytica. In particular, the protective function of alveolar macrophages 
must be compromised before extension of the infection into lung parenchyma can occur. 
The third pathogenic phase is characterized by severe, acute inflammation and 
involves cells and mechanisms that are not unique to the lung. The. central role of 
peripheral neutrophils in the development of the acute inflammatory response is well 
supported. After intrabronchial or aerosol inoculation in calves, neutrophils were found 
to be the predominant cell type infiltrating the h.mg at 2 to 4 hours (Walker et al, 1985). 
Experimental aerosol exposure to P. haemolytica induces a marked increase . in the 
neutrophil/macrophage ratio (Lopez et al, 1986). These changes correlate well with 
reported histologic changes in which small airways become plugged with purulent 
exudate (Lopez et al, 1986). There is reliable evidence indicating that mobilization of 
neutrophils does not effectively combat infection, but contributes to development of lung 
lesions. In experiments conducted by Slocombe et al (1985) and Breider et al (1988), 
neutrophil depletion prior to inoculation with P. haemolytica protected calves from the 
development of gross fibrinopurulent pneumonic lesions, although less severe 
inflammatory changes still occurred. Thus, the neutrophil-mediated inflammatory 
response itself appears to be a major determinant of pathogenicity. Excessive 
inflammation decreases the efficacy of antibacterial therapy because it changes the 
composition of interstitial fluid and compromises host defenses (Clarke et al, 1994). 
Virulence factors of P. haemolytica that appear to be primarily responsible for the acute 
inflammatory response are lipopolysaccharide and leukotoxin (LKT} 
Roles of Lipopolysaccharide and Leukotoxin in Generation of Inflammatory 
Responses to Pasteurella.haemolytica Infection 
· Lipopolysaccharide 
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Lipopolysacchari~e. produced by · P. haemolytica . (LPS)- 1s similar to 
lipopolysaccharides from other gram-negative bacteria in . that it consists of an 
oligosaccharide core, an O antigenic polysaccharide chain, and biologically active lipid 
. . . . 
A, which is embedded in the outer leaflyt of the. outer membrane. LPS of P. haemolytica 
serovar Al shares identical 0-chain polysaccharides with serovars 6 and 9 and has c.ore 
oligosaccharides that are similar to those of · sero;ars 6, 8, 9, and 12. Using 
immunohistochemical techniques, Whitely. et al (l990) de~onstrated that when calves 
' ' 
· were inoculated intratrabheally with live P. haemolytii:a Al, · LP'S was released. into the 
inflammatory exudates and could be identified in neutrophils, alveolar macrophages, 
endothelial cells; pulmonary intravascular macrophages, and o·n epithelial cell surfaces. 
The wide distribution of LPS in so many cell types suggests that LPS may mediate many 
different inflammatory responses. 
A number of studies have provided· evidence in support of LPS playing an 
important role in the pathogenesis of vascular necrosis and thrombosis (reviewed in 
Whitely et al, 1992). Exposure of bovine pulmonary artery endothelial cells to LPS in 
vitro. caused dose~dependent degeneration of cells characterized by changes in cell shape, 
cell retraction, cell membrane damage, and pyknosis (Paulsen et al, 1989; · Breider. et al, 
1990). LPS may also ind11ce endothelial ·cell damage indirectly:· alveolar macrophages 
. . ·,. . ''. ' • .. 
' ' 
stimulated by LPs·· release cytokines, such as· tumor necrosis· factor-a (TNFa.) and 
interleukin-I (IL-1) (Bienhoff et al~ 1992), both of which enhance LPS-mediated 
endothelial cell damage (Sharma et al, 1992a,b ). TNF a and IL-1 also .stimulate 
neutrophil degranulation and release of free radicals (Strieter et al, 1989; Yoshimura et 
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al, 1987), which aggravate endothelial cell injury. Endotoxin-mediated endothelial cell 
damage probably plays a crucial role in activation of the coagulation cascade and 
stimulation of platelet aggregation, thus inducing microvascular thrombosis that occurs 
extensively in pneumonic pasteurellosis. 
LPS is able to cause vascular thrombosis independent of its effect on endothelial 
cells. Breider and Yang ( 1994) demonstrated . that P . . haemolytic a endotoxin caused 
expression of thromboplastin ( coagulation Factor III) in endothelial cells. The lipid A 
component of LPS is capable of activating Hageman factor leading to activation of the 
coagulation cascade (Morrison and Ulevitch, 1978). Furthermore, tPS-activated plfltelets 
release thromboxane A2 (Heffner et al, 1987), a potent vasoconstrictor and platelet 
' . .. 
. . 
aggregatar identified as the major eicosanoid responsible for pulmonary hypertension 
resulting from endotoxemia (Ball et al, 1983). Indeed, intrayenous infusion of P. 
haemolytica endotoxiri caused incre~sed circulating levels . of AA, eicosanoids 
(thromboxane B2 (TXB2), prostaglandin F2a (PGF2a)), serotonin, and histamine in 
calves (Emau et al, 1986; Emau eral,_1987) and in sheep (Eniau eta!, 1984). Incubation 
of isolated bovine lung parenchyma with tPS resulted. in . release of L TB4 and 
prostaglandin E2 (PGE2). 
Aside from direct and indirect damage to the vascular system, LPS potentiates the 
inflammatory response to P. haemolytica infection by inducing release of a wide range of . 
proinflammatory, med_iators, free oxygen: radicals, and proteases. Purified LPS activates 
bovine alveolar macrophages to express and secrete TNF a, IL-I,. and interleukin-8 · (IL-8) 
(Yoo et al, 1995a; Lafleuret al, 1998), and to produce.reactive oxygen intermediates and 
nitric oxide (Yoo et al, 1996). TNF a is not chemotactic for1,1eutrophils, but it may 
facilitate neutrophil influx by up-regulating expression of leukocyte adhesion proteins 
(intracellular adhesion molecule-I) on endothelial cells and neutrophils (Billingham, 
1987). Interleukin-8 is not only a potent· chemotactic factor for neutrophils but also 
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activates neutrophils to produce oxidative radicals, release proteases, and undergo 
degranulation (Peveri et al, 1988; Thelen et al, 1988). 
Leukotoxin 
Initially identifi~d as a cytotoxic component in P. hiiemolytica culture supernatant . 
. (Benson et al, 1978), LKT was later. named for its selective toxicity for ruminant 
,,·, 
· leukocytes (Renshaw, 1984; Chang et al, 1986; Chang and Renshaw, 1986; Kaehler et al, 
1980; Berggren et al, 1981; Shewen .and Wilkie, 1982) .. More recently, sensitivity of 
bovine platelets to LKT has been demonstrated (Clinkenpeard and Upton, 1991). All 16 
· serovars and several untypable strains of P. haemolytica produce !;,KT, which is believed 
. . f 
to be one· of the most i~portant virulenc~ factors contributing to lung injury in bovine 
. . . 
pneumonic pasteurelfosis (Whitely et al, 1992; Confer et al, 1995). Whitely et al (l 990) 
demonstrated in experimentally challenged calves that LKT was associated with cell 
membranes of degenerating inflammatory cells in the lung. The resistance of calves to 
.· experimental challenge of P. haemolytica was closely correlated with their high titers of .· 
antibody against LKT (Gentry et al, 1985; Shewen and Wilkie, 1988; Sreevatsan et al, 
1996). Although some protection against experimental chalienge has been achieved by a 
vaccine that did not contain LKT (Confer, 1993), the addition of recombinant LKT to a 
supernatant vaccine enhanced. protection .against experimental challenge (Conlon and 
· Shewen, 1991). Thus, protection against the effects of LKT appears to attenuate the 
. . . . . . . : . . . . . 
severity of the disease, thus suggesting that LKT is an important virulence factor in the 
pathogenesis of pneumonic pasteurellosis. A recent experiment conducted by Tatum et al 
(1998) provided further evidence in support of an important role for LKT: experimental· 
infection with a LKT-deficient P. haemolytica · mutant strain did not elicit significant 
. pulmonary neutrophilic infiltration or lesions. 
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Leukotoxin is a heat-labile, oxygen-stable, pH-stable, non-dialyzable, · water-
soluble glycoprotein that is produced by P. haemolytica during log'-phase growth 
(Shewen and Wilkie, 1985; Chang et al, 1986a; Chang et al, 1987; Lo et al, 1987; Gentry 
. : . . 
and Srikumaran, 1991). The molecular mass of LKT, predicted from analysis of the 
. . 
structural gene, is 102 kDa (Highlander et al, 1989), but native LKT tends to aggregate to 
. . . . 
multimers with molecular mass of about 400 kDa or greater, as judged by gel exclusion 
chromatography (Baluyut et al, 1981; Himmel et al,. 1982; Mosier et al, 1986; Chang et 
. . . 
al, 1987). Clinkenbeard et al (1995) reported that the molecular mass of highly 
aggregatedLKT .in phosphate buffer was about 8000 kDa. The low leukotoxic activity of· 
these very large aggregates ccmld be increast::d up to 20~fold by treating LKT preparations 
with bovine serum .albumin or. chaotropic agents such as guanidine, which desegregate 
LKT to multimers .with moleculai- · mass of 40.0~800 kDa.,(Waurezyniak et al, 1994; 
Clinkenbeard et al, 1995). 
. . 
· Leukotoxin belongs to the RTX (Repeats in ToXin) toxin family, which is 
composed of two distinct groups of toxins produced by gram-negative bacteria; 
hemolysins and leukotoxins. Hemolysins have been isolated and characterized from 
Escherichia coli (Schmidt et al, 1996), Actinobacillus spp. (Chang et al, 1989; Frey et al, 
1993), Bordetella pertussis (Glaser et al, 1988), Proteus vulgaris (Koronakis et al, 1987; 
Welch, 1987), Morganella morganii (Koronakis et al, 1987), and Moraxella bovis (Gray 
et al, 1995). Actinobacillus ~pp and i ·. haemolytica prod~ce: le~lrntoxins (Kr?J.ig et al, 
1990; Strathdee and Lo, 1987) that are distingl,jjshed from hemolysins by their narrower 
range of target cell selectivity. P. haemolytica LKT is speciJ'ically cytolytic for ruminant 
leukocytes and platelets ·(Shewen ~d Wilkie,: 1982; ·cli~enbeard and Upton, 1991) 
. . 
whereas Actinobacil/us spp LKT is specifically cytolytic for human and primate 
leukocytes (Simpson et al, 1988; Mangan et al~ 1991) . 
. RTX toxins are composed of tandem repeats of highly con.served nine amino acid 
sequences (L-X-G-G-X'-G-(N/D)~X), which serve as Ca2+_binding motifs (one.calcium 
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ion per repeat) (Strathdee & Lo, 1987; Boehm et al, 1990; Baumann et al, 1993). RTX 
toxins are similar with respect to DNA homology and arrangement of geries responsible 
for toxin structure, :fu.echamsms of activation, and secretion (Welch, 1991 ). In the case of 
LKT, there is a four-gene cluster (1,ktCABD) that encodes for _LKT structure (LktA) and 
the proteins required for activation (LktC) and secretion (LktB and LktD). The · 
. . 
arrangement of this gene cluster is analogous to that of the· E. coli·· hemolysin locus 
(HlyCABD)(Chang et al, 1987; Lo eta/, I987; Strathdee and Lo,-1987, Highlander et al, 
1989; Highlander et al, 1990). 
Aside froin variation in LKT selectivity between different cell types and different 
species, there is also variation in the sensitivity ,of cell types within the population of 
target cells. For example," bovine neutrophils and monocytes are more sensitive to LKT 
than macrophages (O'Brien and ·ouffus, .1987; Stevens and .Czuprynski, 1995). The 
selectivity -of LKT for certain target cells appears to be related to the presence of specific 
receptors on target cell surfaces. Lally et al (1997) have identified a cell surface receptor 
for Actinobacillus actinomycetemcomitans leukotoxin'(AA-LKT) and a-hemolysin that is 
a member of the p2-integrin family, lymphocyte function-associated antigen 1 (LFA~l). 
·They have proposed that the reason why a.-hemolysinhas a wider target cell selectivity· 
than AA-LKT is that a..:hemolysin also binds to other molecules that are present on many 
. . 
different cells. It is also possible that a-hemolysin may be less stringent with regard to 
. . . ' . ' . . . 
the require~ent for a protein receptor on target cell surf~ces be~ause it apparently binds 
to lipid vesicles that do not contain any proteins (Ostolaza and Goni, 1995). However, 
binding of RTX toxins to cells is not. necessarily correlated with cytolytic activity . 
. Clinkenbeard et ~l ( ~Jubli~hed data) have : observed that LKT fail~d to bind to human 
HL 60 promyelocyte cells, but did bind to human. Raji lymphoma cells, which are 
resistant to the cytolytic effect of LKT. Similarly, AA-LKT binds to human 
erythroleukemic cells and mouse SP2 myeloma cells, but neither cell types are 
susceptibleto this toxin (Taichman et al, 1991; Sato eta/, 1993). 
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Although the precise mechanism whereby LKT interacts with target cells has not 
yet been elucidated, most LKT-induced effects are probably related to the ability of RTX 
toxins to form transmembrane pores. Formation of pores . in neutrophil plasma 
membranes is hypothesized ·to occur by transmembrane integration of hydrophobic runs 
of amino acids located near the N-terminus (Bhakdi and Tranum-Jensen, 1988; Forestier 
and Welch 1991) (Figure l). Transmembrane.pores allow rapid diffusion of monovalent 
ions down their concentration gradients, resulting. in osmotic imbalances that cause severe 
cell swelling and cell membrane damage (Clinkenbeard et al, 1989a). LKT-induced cell 
swelling and leakage of large cytoplasmic proteins can be prevented by suspending cells 
in hypertonic solutions of ~ucrose · (75 mM), but leal<age of intracellular K+ continues 
unaffected (Clinkenbeard et al, 1989b). Although the model ofpore formation involving 
' : ', . 
insertion of the toxin · into the nienibrane is consistent with the results of osmotic 
· protection experiments, it cannot by itself explain the observation, based on the effects of 
the related RTX E. coli a-hemolysin; that pore size increases with higher toxin 
concentration and longer exposure times (Moayeri and Welch, 1994; Styrt et al, 1990a). 
Furthermore, the initial LKT-induced events, leakage of intracellular K+ and cell 
swelling, occur independently of extracellular Ca2+ whereas leakage of large cytoplasmic 
proteins and cell lysis requires Ca2+. Thus, loss of membrane integrity appears to be a 
dynamic process involving inittal · formation of discrete pores and subsequent formation 
of larger membrane defects consistent with Ca2+ ~mediated enzymatic . membrane 
degradation. 
Effects of Leukotoxin on Neutrophil Function· 
The effects of LKT on bovine neutrophils are concentration-dependent. At high 
concentrations, LKT. causes neutrophils . to lose their · chemiluminescence response 
(Czuprynski and Noel, 1990), swell, lose their· membrane ruffling, develop a finely 
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porous surface, and form large membrane µefects prior to lysis (Clinkenbeard et al, 
1989c). At lower sublytic concentrations,LKTcauses a range of effects consistent with 
neutrophil activation, including degranulation, generation of reactive oxygen species, and 
release of inflammatory mediators. Most of these sublytic effects appear to be mediated 
by influx of extracellular cai+, which diffuses down its concentration gradient from 
extracellular fluid {1500 µM) into the cytosol (0.1 µM in resting cells) causing a rapid 
rise in [Ca2+Ji (Ortiz-Carranza and Czuprynsky, .1992; Hsuan et al, 1998). Inhibitors of 
voltage-operated channels, such as verapam:il, are reported to inhibit. LKT-induced 
increase in [Ca2+]j (Ortiz.,.Carranza and Czupryrtsky, 1992; Hsuan et al, 1998), but these 
. . . ' 
inhibitory effects occur only at high inh1bitc,r., concentration, sugge~ti:ng. that Ca2+ influx 
may occur via toxin pores and that the effectsof the inhibitors . may . be nonspecific. 
Regardless of the mech~ism of Ca2+ influx, it is likely that LKT-ind~ced increase in. 
[Ca2+]i serves as a second messenger affecting an array of neutrophil functions. 
There are two major mechanisms by which neutrophils can cause tissue damage: 
de granulation and release of· toxic free radicals. Bovine neutrophils, like other 
phagocytes, are armed with granules that are toxic to tissues when re\eased. Exposure of 
bovine neutrophils to P. haemolytica causes secretion and/or release of primary granules, 
specific granules, and cytosolic enzymes (Watson et al, 1995). The involvement of LKT 
in the release of these granules has been confirmed (Styrt e,t al, 1990b; Czuprynski et al, 
. 1991; Maheswaran et al, 1992). · Although it i~ possible that LKT causes granule rel.ease 
· simply by causing cell lysis, degrartulation m~y also be induced by LKT at sublytic 
concentrations, possibly via Ca2+ -dependent activation .. 
Generation of free oxygen radicals .. i~ an important mechanism by which 
phagocytes control bacterial pathogens (Nathan, 1983). In response to various stimuli, 
· leukocytes undergo a process called a respiratory burst,· which is characterized by rapidly 
increased oxygen consumption and production of reactive oxygen radicals, including 
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superoxide amon, hydroxyl radical, singlet oxygen, and hydrogen peroxide (Babior, 
1973; Aida and Onoue, 1984). These reactive oxygen intermediates, which may be 
released into the extracellular space, are toxic .to both eukaryotic and prokaryotic cells. 
Maheswaran et al (1992) demonstrated that LKT caused generation of reactive oxygen 
intermediates in bovine neutrophils, as measured by the superoxide dismutase-inhibitable 
reduction of ferricytochrome C. Using a luminol-dependent chemiluminescence assay, 
Czuprynski et al (1991) reported that dilute LKT (up to 1 :8192) stimulated the respiratory 
burst in bovine neutrophils. However, other studies . have reported that 
chemiluminescence may be decreased in neutrophils incubated· with LKT or P. 
haemolytica whole cell (Chang et al, 1985; .Czuprynski and Noel, 1990}. Furthermore, 
LKT may suppress the respiratory burst of neutrophils in response to known agonists 
(Czuprynski and Noel 1990; Styrt et al, 1990b; Maheswaran et al, 1992). These 
discrepancies in results probably arise from a failure to distinguish between lytic and 
sublytic effects of LKT; cytolysis induced by LKT is known to suppress the respiratory 
burst activity of neutrophils (Maheswaran et al, 1992). 
LKT has recently been reported to induce apoptosis m bovine neutrophils 
(Stevens and Czuprynski, 1996). Exposure of neutrophils to sublytic concentrations of 
LKT caused· marked cytoplasmic membrane blebbing and chromatin condensation · and 
margination, both of which are hallmarks of apoptosis. These morphological changes 
were LKT concentration-dependent and could be inhibited by anti-leukotoxin monoclonal 
antibody. Apoptosis is a process of cell death characterized by various morphological 
and biochemical alterations, including blebbing of the cytoplasmic membranes (zeosis), 
chromatin condensation, and DNA fragmentation (Cohen and Duke, 1992). It occurs 
under both physiological and pathologic conditions and does not cause inflammation 
because apoptotic cells are phagocytosed before they lyse. The significance of LKT-
induced leukocytic apoptosis in the pathogenesis of bovine pneumonic pasteurellosis is 
not known, but it is reasonable to assume that impairment of this important line of host 
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defense would facilitate colonization of bacteria in the lung. The mechanism whereby 
LKT causes leukocytes to undergo apoptosis has yet to be determined. 
The effects of LKT on expression of inflammatory cytokines have been reported 
recently (Yoo et al, 1995b ). · Exposure of bovine alveolar macrophages to sublytic 
concentrations of purified LKT caused increased expression· and secretion of IL-1 and 
TNF-a in vitro. Both IL-1 and TNF stimulate neutrophil degranulation and the 
generation of reactive oxygen intermediates (Billingham, 1987) and make endothelial 
cells more susceptible to neutrophil-mediated cell damage (Varani et al, 1988). Caswell 
et al (1998) reported that the expression of IL..:8 increased in the lungs of animals 
suffering from pneumonic pasteurellosis but not in those with viral pneumonia. IL-8 has 
been implicated as an important .neutrophil chemoattractant in human pneumonia 
(Strandiford et al, 1996) and is believed to serve as a chemoattractant in bovine 
pneumonic pasteurellosis. 
The Role ofEicosanoids in the Pathogenesis of PneumonicPasteurellosis 
Considering that the salient pathological features ofpneumonic pasteureHosis are 
neutrophil accumulation, edema, and deposition of fibrin, the pathogenesis of the disease 
could be well explained by the effects of eicosanoids on pulmonary tissue. Eicosanoids 
are derived from. arachidonic acid (5,8,11,14-eicosatetraenoic acid, Figure 2), which 
serves as the common substrate for generation ofa range of eicosanoids. Eicosanoids are 
a group of 20 carbon lipids including prostanoids (thromboxanes, prostacyclins and 
prostaglandins) and leukotrienes, both of which .are importantinflammatory mediators. 
Prostaglandins and prostacyclins cause increased vascular permeability leading to edema 
in sites of inflammation. Thromboxane A2 is a potent vasoconstrictor and promotes 
platelet aggregation and fibrin deposition. Leukotrienes include LT A4, L TB4, L TC4, 
LTD4 and LTE4. LTB4 is a potent chemotactic factor for neutrophils, monocytes, and 
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macrophages. L TC4, LTD 4 and L TE4 are collectively termed slow-reacting substances 
of anaphylaxis, which stimulates contraction of smooth muscle and enhances vascular 
permeability. 
Metabolism of AA to prostaglandins, prostacyclins, and thromboxanes occurs via 
the "cyclic pathway" whereas production of leukotrienes occurs via the "linear 
pathway." The pathway by which arachidonic acid is metabolized is dependent on the 
type. of cells and the nature of stimulation. The linear pathway appears predominant in 
neutrophils while the products of· both linear and cyclic pathways are detected in . 
monocytes (Hsueh et al, 1981 ). In the cyclic pathway, a:rachidonic acid is first catalyzed 
. by prostaglandin H2 synthase (PGH2 synthase) to produce PGH2. PGH2, the immediate 
precursor of all series-2 prostaglandins? prostacyclins, and thromboxanes, is oxidized by 
cyclo-oxygenases in a cell type:-specific manner to produce prostacyclins (PGI2), 
prostaglandins (PGE2, PGF2w PGD2), or thromboxa_nes (TXA2, TXB2). For example, in 
blood platelets, PGH2 is exclusively catalyzed by thromboxane synthase to produce 
TXA2, but in vascular endothelial cells, PGH2 is predominantly oxidized by prostacyclin 
synthase pathway to prostacyclins. 
In the linear pathway, AA is converted to hydroperoxyeicosatetraenoic acids 
(HPETEs) by 5-, 12-, and 15-lipoxygenases. HPETEs are catalyzed by 12- and 15-
lipoxygenase to generate hepoxins and lipoxins in various systems, but there is little 
information about their functions and biological significance. 5-Lipoxygenase catalyzes 
the oxygenation· of AA to produce 5-HPETE and the dehydration of hydroperoxide 
intermediate .to produce the epoxide, leukotriene A4. Leukotriene A 4 is hydrolyzed to 
L TB4 by leukotriene A4 hydro lase or may be conjugated with glutathione by leukotriene 
C4 synthase to produce LTC4. Leukotriene C4 is further metabolized to produce LTD4 
andLTE4. 
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Exposure of bovine neutrophils to LKT in vitro induces increased production of 
LTB4 (Clinkenbeard et al, 1994). Synthesis of LTB4 was closely correlated with LKT-
induced neutrophil membrane damage and lysis ( as detected by leakage of the 160 kDa 
cytoplasmic protein, lactate dehydrogenase [LDH]), suggesting a common mechanism, 
and both events could be inhibited by the neutralizing monoclonal anti-LKT antibody, 
MM601. These experiments confirmed the earlier observations of Henricks et al (1992), 
who reported that bovine neutrophils exposed to P. haemolytica culture supematants 
synthesized LTB4 and 5-hydroxyeicosatetraenoic acid. Considering that studies 
conducted in vivo have confirmed that LTB4 is apotent chemotactic agent for bovine 
neutrophils (Heidel et al, 1989), the potential· importance of L TB4 in the pathogenesis of 
neutrophil mediated lung damage in pneumonic pasteurellosis is indisputable. Indeed, 
Clarke et al (1994) demonstrated that inoculation of P. haemolytica AI into subcutaneous 
tissue chambers markedly increased synthesis of LTB4 and that treatment with 
corticosteroids inhibited both LTB4 synthesis and neutrophil accumulation. 
In addition to stimulating production of L TB4, P. haemolytica infection also 
stimulates production of prostaglandins and thromboxanes (Clarke et al, 1994). 
However, the cellular sources of these eicosanoids have not been definitively identified; 
neutrophils do not produce thromboxanes in response to LKT or calcium ionophores, 
such as A23187 (Clinkenbeard et al,. 1994). Prostaglandins appear to be derived 
principally from endothelial cells, not as a result of the action of LKT (LKT is not toxic 
to endothelial cells), but due to the effects of LPS (Paulsen et al, 1989). Thromboxanes 
are probably synthesized by platelets, which are susceptible to LKT (Clinkenbeard and 
Upton, 1991; Steven and Czuprynski, 1995). 
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The Role of Phospholipases in LKT'"Induced Eicosanoid Synthesis 
Considering that the level of free AA in resting inflammatory cells, such as 
neutrophils, is very low ( < 3 pmole per million cells), hydrolysis of membrane 
phospholipids to liberate AA is believed to be the rate-limiting step in the synthesis of 
eicosanoids and, therefore, serves as a reasonable target for development of strategies 
intended to attenuate the acute inflammatory response in pneumonic pasteurellosis. 
. . 
Membrane phospholipids (Figure 3) consist of a glycerophosphate in which the hydroxyl 
groups are esterified with long-chain fatty acids and the phosphoryl moiety forms a 
phosphodiester bond with a polar head group, commonly choline, ethanolamine, inositol, 
or serine. Phospholipid structures are designated bya stereospecific nomenclature (sn) 
based on L- glycerol- 3 - phosphate. Thus, the fatty acid esterified to carbon-I of the 
glycerol backbone is termed the sn-1 fatty acid, which is commonly saturated, e.g., 
palmitate. The fatty acid esterified to carbon-2 of the glycerol backbone is the sn-2 fatty 
acid, which is often polyunsaturated, e.g., arachidonate (Burch, 1995). 
Hydrolysis of membrane phospholipids is achieved by phospholipases, which 
were first identified in pancreatic juice and cobra venom in the early 1900s (Wittcoff, 
1951 ). Based on their sites of phospholipid hydrolysis, they are classified as 
phospholipase A1 . (PLA1), phospholipase A2 (PLA2), and phospholipases B (PLB), C 
(PLC), and D (PLD) (Waite, 1990) (Figure 3). Phospholipase A1 hydrolyzes the sn-"l 
fatty acid, PLA2 hydrolyzes the sn-2 fatty acid, whereas PLB hydrolyzes fatty acid 
residues in both sites. These three types of phospholipases are hydrolases that cleave the 
fatty acid . chains of membrane phospholipids to liberate free fatty acid and 
lysophospholipids: These products may serve as intracellular second messengers 
themselves and/or as precursors for the generation of pro-inflammatory lipid mediators, 
including prostaglandins, leukotrienes, platelet-activating factors, and other bioactive 
lipids (Glaser et al, 1993). PLC hydrolyzes phospholipids to release the head group 
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phosphates and diacylglycerols (DAG). Diacylglycerols may be further hydrolyzed to 
release free fatty acid by the action of diglyceride lipase (Irvine, 1987; Axelrod et al, 
1988). PLD cleaves phospholipids to generate the head group and phosphatidic acid 
(PA). · Phosphatidic acid is a potential second messenger that is involved in many 
intracellular signaling pathways (reviewed in English et al, 1996). Both PLC and PLD . 
are phosphodiesterases. 
Phospholipase Af. 
The PLA2 enzyme complex constitutes a group of ubiquitous enzymes that 
hydrolyze phospholipids in the sn-2 position to generate free fatty acids and 
lysophopholipids. However, they differ in distribution, regulation, function, structure, 
mechanism, and role of divalent metal ions in their actions. PLA2 enzymes are generally 
divided into two major groups: extracellular or secretory PLA2 (sPLA2) and intracellular 
or cytosolic PLA2 ( cPLA2). 
Secretory PLA2 enzymes occur in mammalian pancreatic juice and snake and bee 
venoms and are secreted from cells as a result of various physiological and/or 
pathophysiological conditions. They generally have low molecular masses (14-18 kDa), 
contain a high number of disulfide bridges (up to 7), have no arachidonate preference, 
and require millimolar levels of calcium for catalysis (Dennis, 1994; Waite, 1990). Based 
on their amino acid sequences, sPLA2 enzymes are classified into three groups, termed 
Group I, Group II, and Group Ill (Davidsonand Dennis, 1990; Ward and Pattabiraman, 
1990). Group I enzymes, represented by enzymes in mammalian pancreatic juice and the 
venoms of cobras and kraitts, differ from Group II, represented by enzymes in rattlesnake 
and viper venom, in the arrangement of the cysteines in the primary structure and the 
cross-linking disulfide bonds. Group I enzymes have a disulfide bond between Cys-11 
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and Cys-77 whereas the Group II enzymes have a disulfide bridge between Cys-50 and 
the Cys at the C-terminal end {Heinrikson et al, 1977). Both Group I and Group II have a 
high content of disulfide bonds, a calcium "binding loop" formed at positions 28 (Tyr), 
30 (Gly), 32 (Glu), and 49 (Asp), and a helical region at the N-terminal region (Slotboom 
et al, 1982) .. Group III includes PLA2 enzymes isolated from lizard and bee venoms. 
The enzyme activity of all three groups is calcium-dependent, but Group I is optimally 
active in the acidic pH range while Group II and Group III prefer alkaline pH. PLA2 in 
pancreatic juice is secreted· as a proenzyme. While the characterization of sPLA2 groups 
has been largely based on studies of non-human enzymes, a large number of Group I and 
Group II enzymes have also been found in human tissues. Human sPLA2 enzymes 
isolated from synovial fluid, platelets, and placenta have beel.1 classified as Group II 
enzymes (Hara et al, 1988; Kramer et al, 1989; Lai and Wada, 1988). 
Intracellular cPLA2s are present in the cytosol of various types of cells, have high 
molecular mass (31-110 kDa), contain no disulfide bonds (resistant to dithiothreitol), 
require either micromolar or no calcium for optimum activity, and appear to be selective 
for hydrolysis of phospholipids containing AA (Clark et al, 1991; Glaser et al, 1993). 
These cPLA2 enzymes share no homology with the sPLA2 identified so far and are, 
therefore, classified into a separate Group IV (Dennis, 1994). The most notable cPLA2 
was isolated from the cytosol .of the human monocytic U937 cell line (Kramer et al, 
1989). It has a molecular mass of 110 kDa, as determined by SDS-PAGE analysis (85 
kDa predicted from cDNA), and requires submicromolar Ca2+ for optimum activity. This 
cPLA2 is composed of 749 amino acid residues thafinclude 12 possible sites of Ser/Thr 
phosphorylation and four possible sites for disulfide bonds (Clark et al, 1991). 
The current classification of PLA2 enzymes into four groups does not include all 
enzymes that have been identified to date. Hazen et al (1990) have isolated a cPLA2 
from canine myocardium that is Ca2+"'"independent but shows a preference for 
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arachidonyl-containing phospholipids. A similar enzyme has been identified in P388 D1 
murine macrophage-like cells (Ackermann et al, 1994). There are numerous other Ca2+_ 
dependent and Ca2+ _independent intracellular PLA2 activities reported in the literature. 
Obviously ·· these . enzymes constitute a much more diverse group · than was originally 
anticipated and a more appropriate classification system will have to be developed. 
Although the combined actions of phospholipase C and diglyceride lipase yield 
free arachidonic acid in certain cell systems (Irvine, 1982), the release of arachidonic acid 
in neutrophils is PLArmediated (Walsh et al, 1981). Neutrophils contain at least two 
types of PLA2, a 14 kDa sPLA2 and a 85 kDa cPLA2; both have been implicated in 
generation of free arachidonic acid leading to eicosanoid synthesis. Using permeabilized 
human neutrophils, Bauldry and Wooten (1996) reported that stimulation by N-formyl-
met-leu-phe (FMLP) caused cPLArmediated release of AA and subsequent synthesis of 
L TB4. Cytosolic PLA2 has also been implicated in the release of AA and generation of 
eicosanoids in platelets (Kramer et al, 1993; Mounier et al, 1993). Thromboxane B2 
production was closely correlated with increased cPLA2 activity in cell lysates (Kramer 
et al, 1993) whereas TXB2 synthesis was not affected by deletion of platelet sPLA2 
(Mounier et al, 1993). Furthermore, thrombin-induced release of AA and eicosanoid 
generation in platelets could be inhibited by a cPLA2 inhibitor but not by a sPLA2 
inhibitor (Bartoli et al, 1994). However, in human monocytes, deletion of cPLA2 had no 
effect on leukotriene formation {Marshall et al, 1997), indicating that the. involvement of 
sPLA2 versus cPLA2 varies between cell type, even within the leukocyte series. 
Consistent with their diversity of structural characteristics, PLA2 enzymes 
accomplish a variety of functions. Mammalian pancreatic sPLA2 digest phospbolipids in 
the gut. PLA2 enzymes in snake and bee venoms promote tissue damage in bite or sting 
victims. Group II and Group IV enzymes in mammalian cells play an important role in 
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membrane repair and remodeling, which involves deacylation'-reacylation cycles. Aside 
from their important role in basic lipid metabolism, PLA2 enzymes participate in many 
physiological and pathological events involving signal transduction pathways. 
Group II sPLA2 is inducible and secreted in response to cytokine stimulation. 
Exposure to IL-1 stimulates gene transcription and protein synthesis resulting in time-
dependent increase in sPLA2 activity (Kerret al, 1989; Gilman and Chang, 1990). The 
stimulatory effects ofIL-1 can be suppressed by glucocorticoids (Schalkwijk et al, 1991), 
which exert their inhibitory effect by promoting expression of lipocortins (Ambrose and 
Hunninghake, 1990; Solito et al, 1991 ). Lipocortins are Ca2+ /lipid-binding proteins that 
inhibit the association of PLA2 and its phospholipid substrates. 
The regulation of Group IV cPLA2 occurs via a variety of signal transduction 
pathways involving intracellular Ca2+ and/or enzyme phosphorylation as well as "cross-
talk" between differentphospholipases. cPLA2 has a Ca2+/lipid-binding (CaLB) domain 
that shares homology with that of protein kinase C (PKC), GTP-activating protein, and 
PLC (Clark et al, 1991; Sharp et al, 1991 ). However, it appears that Ca2+ is not involved 
directly in regulation of the catalytic activity of the enzyme, but promotes translocation of 
cPLA2 from the cytosol to cell membranes, where the substrates are located (Dennis, 
1994; Channon and Leslie, 1990). Recent studies have demonstrated that Ca2+_ 
dependent translocation results in association of cPLA2 with the nuclear envelope and 
endoplasmic reticulum rather than the plasma membrane (Schievella et al, 1995; Peters-
Golden et al, 1996; Pouliot et al, 1996). Considering the role of Ca2+ in increasing the 
functional capacity of cPLA2, it is probable that LKT-induced increase in [Ca2+]i results 
in cPLATmediated hydrolysis of membrane phospholipids and synthesis of inflammatory 
eicosanoids. 
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Both in vivo and in vitro studies have indicated that phosphorylation of cPLA2 is 
an important mechanism whereby enzymatic activity is controlled (Lin et al, 1993). 
Although there are many possible phosphorylation sites on cPLA2, the one located at Ser-
505 has been demonstrated to be of importance in regulation of catalytic activity. 
Mitogen-activated protein (MAP) kinase, which can be activated by tyrosine kinase, G-
protein coupled receptors, and phorbol ester, phosphorylates cPLA2 at Ser-505. Mutation 
at Ser-505 deletes MAP-mediated phosphorylation as well as subsequent agonist-
stimulated release of AA from intact cells. Furthermore, deletion of the phosphate group 
by alkaline phosphatase also causes a loss of activity. MAP is not the only kinase 
implicated in this regulation; protein kinase C can also phosphorylate cPLA2 (Nemenoff 
et al, 1993; Xing et al, 1994). 
In addition to Ca2+-mediated translocation and phosphorylation of cPLA2 and 
possibly in association with these regulatory mechanisms, cross-talk among 
phospholipases has been proposed to play an important role in. the control of AA release 
from phospholipid substrate. In particular, regulation of cPLA2 by PLD has been 
demonstrated (Kennedy et al, 1996; Fujita et al, 1996; Bauldry and Wooten, 1997). 
Phospholipase D 
Phospholipase D is a ubiquitous enzyme that catalyzes the hydrolysis of 
phospholipids to generate PA and the corresponding head group. Phosphatidylcholine 
(PC), the major phospholipid component in mammalian cells, is the preferred substrate 
(Lambeth, 1994), although catalysis by PLD of phosphatidylethanolamine (PE) and 
phosphatidylinositol (PI) has been reported (Kiss and Anderson, 1989). The PA can be 
rapidly metabolized to 1, 2-diacylglycerol (DAG) by the action of phosphatidate 
phosphohydrolase (PAP) and to lysophosphatidic acid by the action of specific PLA2. 
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. In the presence of primary alcohols, PLD catalyzes the transphosphatidylation 
reaction in which the phosphatidyl group is transferred to the primary alcohol (ethanol, 
propanol, or butanol), generating relatively stable phosphatidylalcohols. 
Phosphatidylethanol (PET) is generated in the presence of ethanol. Since PA is unstable 
. and can be produced by diglyceride kinase-mediated phosphorylation of DAG, 
production of phosphatidylalcohol, such as PET, is considered conclusive evidence of 
PLD activity. 
Phospholipase D activity has been detected in all mammalian cells examined, 
including neutrophils (Balsinde et al, 1989; Siddiqi et al, 1995; Wang et al, 1991). 
Although purification of PLD is difficult, much progress has been made in this regard. 
PLD purified from porcine lung microsomes has a molecular mass .of 190 kDa and is 
. . 
specific for PC (Okamura and Yamashita, 1994). This enzyme did n:ot have an essential 
requirement for Ca2+ or Mg2+, but could be stimulated by these ions as well as by fatty 
acids. A PLD extracted from porcine brain membranes had a molecular mass of 95 kDa 
and was markedly stimulated by phosphatidylin:ositol 4,5-bisphophate (PIP2) and by the 
small G protein ADP-ribosylation factor (ARF) (Brown et al, 1995), as was a PLD 
solubilized from HL-60 cell membranes (Brown et al, 1993). A 120 kDa PLD has 
recently been cloned by screening a HeLa cell cDNA library (Hammond et al, 1995). 
As with PLA2 enzymes, the classification of PLD enzymes is complicated by the 
diversity of isozymes isolated not only from different cells and species but also from 
different locations in the cell. For example, most PLD located in the cytosol can 
hydrolyze PC, PE, and PI and requires Ca2+ for optimum activity while membrane-
associated PLD prefers PC and has Ca2+_independent activity (Wang et al, 1991). PLD 
has also been found in the endoplasmic reticulum, golgi body, and nuclei of certain cells 
and tissues (Prnvost et al, 1996). Nevertheless, a classification including two major 
classes of PLD has been proposed, based on the stimulatory effects of phosphoinositide 
(Jenco et al, 1998). One class of PLD isoforms (including PLD1 and PLD2} is 
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phosphoinositide-dependent and can be stimulated by small GTP-binding proteins·(ARF, 
Rho family) and by protein kinase C. The other class is stimulated by free fatty acids 
instead of phosphoinositide. 
Numerous agonists are capable of increasing PLD activity. Mechanisms of 
activation involve G-protein-coupled receptors, tyrosine kinase receptors, and pathways 
that do not involve receptors. The receptor-mediated mechanisms usually involve the 
Rho family of small GTP-binding proteins (RhoA, Ras, and cdc42), ARF, and protein 
kinase C, which directlyactivates PLD. For example, one probable activation pathway is 
that binding of an agonist to its receptor results in activation of phospholipase C, 
particularly PI-specific PLC, leading to generation of diacylglycerol and inositol 
triphosphate (IP3). IPrmediated release of intracellular Ca2+ along with DAG then 
activates PKC, which activates PLD directly or activates small GTP-binding proteins 
(Rho family and ARF). However, in some instances, receptor-mediated activation of 
PLD may be PKC independent. Indeed, the recent discovery of a 50 kDa cytosolic factor 
that collaborates with ARF in activation of net1trophil and HL-60 PLD (Lambeth et al, 
1995; Bourgoin et al, 1995) serves as further evidence of the complexity of PLD 
activation. 
The role of Ca2+ in regulation of PLD has not been clearly elucidated. PLD 
isolated from porcine lung was Ca2+_independent (Okamura and Yamashita, 1994), but 
the cytosolic PLD isolated from human granulocytes requires Ca2+ foractivity (Balsinde 
· et al, 1989; Siddiqi et al, 1995). Calcium was unable to activate PLD in permeabilized 
neutrophils and in extracts from neutrophils. However, the Ca2+ ionophore, A23187, 
stimulated PLD activity in granulocytes as well as in a number of other cell types 
(Lambeth, 1994). Furthermore, there is evidence that chelation of extracellular and 
intracellular Ca2+ inhibits receptor-mediated· activation of PLD in neutrophils (Kessels et 
al, 1991) and other types of cells (Lin and Gilfillan, 1992; Huang et al, 1991; Balboa et 
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al, 1995). Phorbol ester-induced PLD activation was not blocked in intact neutrophils by 
removal of Ca2+, but A23187 was synergistic with phorbol 12-myristate 13-acetate 
(PMA) in stimulating PLD activity in HL 60 cells. Therefore, these rather confusing and 
sometimes contradictory results suggest that Ca2+ may directly activate PLD in certain 
types of cells exposed to agonists. while in other circumstances it may be required only 
for optimal activation of PLD. Probably, the requirement of Ca2+ by PLD is isoform 
dependent. 
Despite the many questions that re)Jlain concerning regulation of PLD, it is clear 
. ' . . 
that PLD itself serves as an important regulator of other phospholipases, particularly 
PLA2. PA, the product of PLD catalysis, serves as an important intracellular messenger 
(English et al, 1996) and is kno,wn to stirnulate a broad spectrum of cellular responses, 
including mobilization of Ca2+, stimulation of the respiratory burst in neutrophils, 
activation of specific protein kinases and phospholipases, and promotion of mitogenesis 
in fibroblasts. PA may exert its effects by contributing to production of diacylglycerol 
and lysophosphatidic acid, both of which are involved in signal transduction pathways. 
Recently, the involvement of PLD in cPLArdependent release of arachidonic acid in 
human neutrophils has been reported (Bauldry and Wooten, 1997). The release of AA 
was closely correlated with PA production. When PA production was inhibited by 
addition of ethanol, AA release decreased. Cross talk between PLA2 and PLD has also 
been demonstrated in rat neutrophils and MOCK cells (Fujita et al, 1996; Kennedy et al, 
1996). 
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Figure 1. Molecular model for interaction of LKT with phospholipid membranes, adapted 
from Forestier and Welch (1991). The model proposes that· the 
transmembrane domains, either singly or in cooperation with other LKT 
molecules, assume the structure of a pore that allows passage of monovalent 
and possibly divalent cations. 
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Figure 3. Phospholipid structure and catalytic sites of action of PLA2, PLA1, PLD, PLB 
and PLC 
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CHAPTER III 
HYPOTHESIS AND EXPERIMENTAL GOALS 
The hypothesis upon which this research was based is that P. haemolytica LKT 
causes excessive activation of PLA2, . which. results · in synthesis of chemotactic 
' ' 
eicosanoids, thereby amplifying the. inflammatory reaction and aggravating pulmonary 
tissue damage and that LKT-inducedactivationof Pl,A2 is achieved via Ca2+-mediated 
activation of PLD (Figure 4). 
This hypothesis was tested by characterizing. the effects of LKT on activities of 
. . . ,• . ,,. - . , . 
PLA2 and PLD of isolated bovine neutrophils and by examining the effects of specific 
inhibitors· of phospholipase .functions. To eliminate the potential contribution of other 
virulence factors of P. haemolytica, particularlr, .. LPS; effects ofLKT were compared with 
those produced by a LKT-deficient mutant strain of P. haemolytica. 
Specific objectives of the experiment were: 
(1) to determi11e whether LKT caused increased activity of PLA2, by measuring 
the effect .· of 'LKT on the release of arachidonate · from isolated bovine 
neutrophils, the .. distribution of phospholipid substrates in neutrophil 
membranes, and the effects of an inhibitor of cPLA2; and 
(2) to determine whether LKT causes an increase in PLD activity in bovine 
neutrophils and to study the regulatory role of PLD in LKT-induced 
activation of PLA2. 
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Figure 4. Hypothesized model describing involvement of PLA2 and PLD in LKT-induced 
synthesis of LTB4. 
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.·CHAPTER IV 
PASTEURELLA HAEMOLYTICA LEUKOTOXIN-IND:r.JCEDINCREASE IN. 
PHOSPHOLIPASE A2 ACTIVITY IN BOVINENEUTROPHILS 
Introduction 
Pasteurellq, haemolytica .. · is the primary · etiologic agent of pneumonic 
. - •' . . . ' . . 
. . . 
pasteurellosis (Collier et al, 1962), a disease that causes substantial economic losses to 
the cattle feedlot and stocker industry (Hird eta!, 1991 ). Pulmonary lesions caused by P. 
haemolytica · infection are. characterized by extensive infiltration of neutrophils and 
exudation of fibrin into airways and alveoli (Yates, 1982). Mobilization of neutrophils 
fails to effectively combat infection, and degranulation and lysis of these phagocytes 
releases damaging products that aggravate pulmonary damage (Slocombe et al, 1985; 
Breider et al, 1988). 
. . 
Chemotaxis of neutrophils and their inability to clear the infection may both be 
due to the action of P. haemolytica leukotoxin (LKT). This pore"-forming RTX cytotoxin 
is produced by log-phase bacteria and causes lysis of ruminant· leukocytes and platelets 
(Clinkenbeard et al; 1989; Clink.enbeard and Upton, 1991). Exposure of bovine 
, -· . . ·. : ;_ ' ·, 
. neutrophils to low concentrations of LKT stimulat~s release of chemotactic eicosanoids, 
such as leukotrien~ Bf (L TB4) (Henricks et al, J 992). Previous studi~s reported that 
.· LKT-induced synthesis of LTB4 by isolated bovine· neutrophils was closely correlated 
with membrane damage and lysis (Clinkenbeard et al, 1994), suggesting a common 
mechanism for these two important effects ofLKT. 
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Eicosanoids are derived from the oxidation of arachidonic acid (AA), which is 
released from membrane phospholipids via the action of phospholipases. Hydrolysis of 
the ester linkage at the sn-2 position of plasma membrane phospholipids by 
phospholipase A2 (PLA2) is believed to be the rate'."limiting step in eicosanoid synthesis 
(Glaser et al, 1993). The action of phospholipases may also contribute to LKT-induced 
. . . 
loss of plasma membrane integrity: hydrolysis of phospholipids by. PLA2 leads to 
elaboration of lysophospholipids, which ·are known to cause detergent-like effects on 
membranes (Weltzien, 1979). 
' . . . 
. . 
Mammalian leukocytes contain several types of PLA2 enzymes. The type most 
commonly involved in eicosanoid production is high molecular weight (85 kDa) cytosolic 
PLA2 (cPLA2) (Bauldry and Wooten, 1996) .. ILcPLA2 is involved in LKT-induced 
effects on bovine neutrophils, this enzyme would constitute a rational target for therapy to 
suppress the uncontrolled pulmonary exudation that contri'.butes. to lung damage. 
Therefore, the objectives of this study were to determine whether.·LKT caused increased 
. activity of PLA2, by measuring the effect of LKT on the release of arachidonate from 
isolated bovine neutrophils, the distribution of phospholipid substrates in neutrophil 
membranes, and the effects of an inhibitor of cPLA2. 
Materials and Methods 
Preparation of P. · haemolyticaleukotoxin 
P. haemolytica biotype·A, serdtype 1 Wifdtype strru11- and an isogenic leukotoxin-
. . 
deficient mutant strain A, produced by allelic replacement of lktA with ~-lactamase. bla 
gene (Murphy, 1995), were grown in 150 ml BHI broth to an optical density at 600 nm 
(OD60onm) of 0.8 - 1.0. Bacteria collected from the BHI cultures were inoculated into 
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250 ml RPMI 1640 medium (pH 7.0, 2 .. 2 g/1 NaHC03)to an OD6oonm of 0.25. The 
RPMI cultures were grown at 37°C, and 70 oscillations/min to an OD6oonm of 0.8-1.0, 
and the culture supematants were harvested following centrifugation at 8,000 x g for 30 
minutes (Sorvall GS3 rotor, DuPont Co., Wilmington). This and all subsequent steps 
were conducted at 4°C. Culture supematants were concentrated by addition of solid 
ammonium sulfate (361 g/L) to yield 60% saturation and the precipitated material was 
., . 
collected by centrifugation at 8,000 x g for 45 minutes (Sorvall GS3 rotor). Precipitates 
. . 
were resuspended in 3 ml-of 50 mM sodium phosphate, 0.1 M NaCl, pH7.0 buffer, and 
then dialyzed against 500 ml of the same buffer overnight. Dialyzed concentrated culture 
. . 
supematants were stored frozenat ~135°C; 
Leukotoxin activity was. quantified as toxic units (TU) usmg BL3 cells, as 
. . . 
described previously (Clinkenbeard ~t al; 1994). One TU was defined as the amount of 
LKT that caused 50% maximal leakage of lactate dehydrogenase (LDH) from 4 x 1Q5 
BL3 cells in 200 µI at 3 7°C after. 1 hour of incubatictn. · The. :mean· activity of undiluted 
LKT preparations used in this study was 6.6 ± 1.9 x 1 os TU/ml. 
Preparation of bovine neutrophils 
Two healthy beef calves (200 ± 50 kg). served as blood donors for isolation of 
neutrophils. Neutrophilswere isolated by hypotonic lysis as previously described (Weiss 
et al, 1989). Briefly, the whole venous blood was collected in 60 ml syringes containing 
5 ml 10% sodium citrate and then centrifuged: in 50 ml polypropylene conical tubes 
. . , . . . . . 
(Coming Incorporated, Coming) at 600 x g and 4°C for 30 minutes (Centra-GP8R, IEC, 
Boston). The plasma, huffy coat and top layer of red blood cells were aspirated, leaving 
approximately 10 ml of the cell pellet in each tube. In the first cycle of hypotonic lysis, 
20 ml cold (4°C) sterile distilled water was added to each tube, the cell suspension was 
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mixed for 50 - 60 seconds, 20 ml double-strength phosphate-buffered saline (PBS) was. 
added fo restore the tonicity, and the suspension. was then centrifuged at 200 x g and 40c 
for 10 minutes. The cell pellet was resuspended in 5 ml PBS after the supernatant was 
. ' 
discarded. Thereafter, 10 ml water w,as ttgain added to each tube, suspensions were 
mixed for 50-60 seconds, tonicity was b.alanced with 10 ml double-strength PBS, and 
then centrifuged at 200 x g and 4°C for 10 minutes. The cell pellet was washed once 
with PBS and twice with modified Ca2+':Jree · Hank's balanced salt solution (HBSS, · 
Sigma Chemical. Co., St. Louis), containing 1 mM CaC12, 0.5. mM MgC12, and 50 µM 
ethylene glycol.:.bis (-arninoethylethe;i:-) N, N, Ni, N'- tetraacetic acid (EGTA). The cell 
pellet in each tube was resuspended\n,.3 ml modified HBSS. The concentration of 
·.·. ·. .. . . . . 
neutrophils was estimated by hemocytometer and adjusted to 2 · x 101 cells/ml. The 
viability and purity of' neutrophil suspensions were assessed by µypan blue exclusion. 
Proportions of viable neutrophils were greater than 95%. 
Incor_poration of [3H] AA into neutrophils 
Incorporation of [3H] AA into bovine neutrophils was accomplished using a 
modification of the method described by Rarnesha and Taylor (1991). Briefly, [3H] AA 
(100 .µCi/ml or O.OOJO rnrnol/ml ethanol, Dupont NEN research products, Boston) was 
' ,. . . . . ;:. 
· added to neutrophils in suspension (2.0 ± 101 cells/ml) at 05 µCi/ml, and the suspension 
was then incubated at 37°C for 30 minutes. Thereafter, the suspension was centrifuged 
(200 x g, 10 min), the cell pellet was washed twice with cold f,IBSS, and the neutrophils 
were resuspended in HBSS containing 0.5 rnM MgC12, 50 µM EGTA, and lmM CaC12 at 
1.0-1.5 x 101 cells/ml. 
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Effect ofLKT on neutrophil phospholipase activity and membrane integrity 
Concentration- an:d time-dependent effects of LKT and controls were tested in 1.5 
·ml polypropylene microcentrifuge tube.s. LKT-induced responses were distinguished by 
comparison with leukotoxin'-deficient control preparation (LKT(-)). Concentration-
dependent effects of LKT on PLA2 activity and membrane integrity were studied by 
incubating [3H] AA loaded neutrophils with dilutions (1: 10, 1: 100, l :200, J :500, 1: 1,000; 
1 :2,000, 1 :5,000, 1: 10,000) of LKT or LKT(-) for 60 minutes. The relationships between 
period of incubation and. LKT-induce~ stinmlatiori of phospholipases and loss of 
membrane integrity were measured byincubating. neutrophils with LKT (1: 100), LKT(-) 
(1:100), or the calcium ionophore, A23'187 (2.5 µM) for 0, 5, 15, 30, 60, or 90 minutes. 
. . 
Experiments included 4 replicates for each of the, primary treatments. 
Release of radioactivity served as a measure of phospholipase activity in intact 
neutrophils. At the completion of each incubation period,·the experiment was terminated 
. ' . . 
by centrifugation at 10,000 x g for 5 minutes, l ()0 µl supematantwas suspended in 5 ml 
liquid scintillation cocktail (Atomlight, Dupont NEN Research Products, Boston), and 
radioactivity was measured for 3 minutes by liquid scintillation counting (Model 
' ' 
LC5000TD, Beckman Instruments). Percent specific release of radioactivity related to 
tritium-labeled AA and metabolites was calculated using the formula: 
(LKT-indu~ed radioactivity in supernatant - Bkg) x 100 
% specific 3H release · 
Tot~Bkg 
where Bkg is the radioactivity released by suspensions exposed to Hanks buffered saline 
solution (HBSS) and Tot is the total radioactivity added to the sample: 
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. . . . 
The effect of P. haemolytica LKT on neutrophil plasma membrane integrity was 
assayed by measuring extracellular release of LDH. Extracellular LDH was assayed by · 
transfer of l 00 µ1 of incubation supernatant to wells of a flat bottom 96-well microtiter 
plate.·. The plate was warmed to 37°C, 100 µl LDH assay reagent [LD-L 228. - 50 ml, 
(Sigma Chemical Co., St~ Louis), rehydrated by addition of 25 ml H20] at 37°C was 
added and the. LDH activity was measured in a thermally-controlled kinetic microtiter 
,· : . . . 
plate reader (Thermomax, Molecular Devices Palo Alto) at 340 nm for 2 minutes at 37°C. 
. . . 
· Data were reported as mOD/minute. Maximal LOH leakage was determined by replacing · 
LKT with Triton XIOO (final concentration was 0.1 %, v/v), and background LDH 
leakage was determined by replacing LKT with appropriate buffer control. Percent 
specific leakage of LDH was calculated using the· formula: 
(LKT ~induced LDH leakage - background LDH leakage) x 100 
· % specific leakage LDH 
maximal LDH leakage - background LDH leakage 
Effect ofLKT on distribution of 3ff,labeled membrane phospholipids 
· The ability of.LKT to activate phospholipases was further ex:plored by comparing 
. . 
the effect of LKT on the. distribution of 3H-labeled substrate and products in neutrophil 
.. . ' . ' 
membranes with those of positive (A23187) and negative '(LKT(-)) controls. Bovine 
neutrophil suspensions were incubated;at 37°C for 90 minutes with LKT (1 :100), LKT(-) 
(1:100), A23187 (5 µM), and dimethylsulfoxide (DMSO, 2% final concentration), which 
served as a solvent control for A23187. Stimulation was terminated by addition of 3 ml 
chloroform-methanol (1:2, v/v) and 0.1 ml 9% formic acid, and lipids were extracted 
using a modification of the method of Bligh and Dyer (1959). Briefly, the mixture was 
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vortexed for 2 minutes; 2 ml chloroform was added and the mixture was vortexed for 30 
.. 
seconds followed by further addition of 1 ml water and mixing for 30 seconds. After 
centrifugation at 600 x g for 10 minutes, the chloroform phase was removed and 
evaporated under. a stream of nitrogen. Lipid precipitates were resuspended in 50 µl 
chloroform-methanol (9:1,v/v) and separated by thin-layer chromatography (TLC) on 
Silica Gel G plates (250 mm thickness, 20 x 20 cm plates, Alltech Associates Inc, 
Deerfield) . by development for 2 hours in a solvent system consisting of chloroform-
ethanol-water-triethylamine (30:34:8:35) (Korte and Casey, 1982). Silica gel bands (5 
mm in width) were scraped into scintillation. vials and radioactivity was measured by 
liquid scintillation counting. · · Identification of lipids in radioactive bands was 
accomplished by comparison with parallel tracks contafo.ing standards. (phosphatidyl 
. . .. ,. . . ,• 
choline, PC; phosphatidyl inositol~ Pl~ phosphatidyl ethanolamine,. PE; fatty acids, FF A; 
and neutral lipids, NL) (Sigma Chemical Co., St. Louis). Radioactivities in eluted bands 
corresponding to lipid standards_ were reported as counts per minute ( cpm) and as 
percentages of total radioactivity spotted onto the plates. Preliminary experiments 
confirmed that the distribution of 3H-labeled membrane constituents in untreated 
neutrophils did not change substantially between 30 and 120 minutes of incubation. 
Effect ofcPLA2 inhibition on LKT-induced effects 
The cPLA2 inhibitor, arachidonyl trifluor~methyl k~tone (AACOCF3) was used 
to confirm the involvement of cPLA2 in LKT-induced eicosanoid synthesis (Street et al, 
1993; Riendeau et al, 1994). The effect of AACOCF3 on the release of radioactivity 
from [3H] AA - loaded neutrophils was tested by adding appropriate volumes of 
AACOCF3 (2 mM in 20% ethanol) to neutrophil suspensions to achieve concentrations of 
0, 20, 40, 80, and 160 µM, preincubating for 15 minutes, and then exposing neutrophil 
suspensions (n = 4) to LKT (1:100) or A23187 (5 µM) for 30 minutes at 37°C. 
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Thereafter, neutrophil suspensions were treated as described above for estimation of [3H] 
AA release. Data were reported as percent decrease in supernatant activity expressed as a. · 
proportion of [3HJAA release measured at O µMAACOCF3. 
The effect of AACOCF3 on the distributicm of radioactivity in [3H] AA-loaded 
neutrophils was investigated by preincubating neutrophil suspensions with 120 µM 
AACOCF3 or DMSO.solvent control (2% final concentration, v/v) for 15 minutes, and 
then exposing suspensions (n = 4) for 90 minutes at 37°C to LKT (1:100) or LKT(-) 
(1: 100). Thereafter, lipids were extracted and separated by TLC, as described above. 
Finally, the effect of AACOCF3 'On LKT-induced production ofLTB4 was 
examined by prein~ubating unlabeled neutrophil suspensions with, 120 µM AACOCF 3 
for 15 minutes, and thenexposing suspensions (n == 4) for 120 minutes at 37°C to LKT 
(1: 100) or A23l 87 (5µM). Experiments were terminated by centrifugation at 600 x g for 
10 minutes at 4°C and LTB4 in 50 µl supernatant was assayed by radioimmunoassay 
(Dupont NEN Research Products, Boston), as described previously :(Clinkenbeard et al, 
1994). 
Involvement of calcium in LKT-induced activation of PLAz. 
· The extracellular Ca2+ dependence of LKT-induced release of [3H] AA and AA 
metabolites and LDH from radiolabeled neutrophils w~s tested by altering the 
concentration of calcium in the neutrophil suspension . media. Neutrophils were 
suspended in calcium..'.free HBSS, HBSS with 1 mM CaC}i, HBSS with 1 mM EGTA, or 
· HBSS with 3 mM CaCl2 and 1 mM EGT A. Additional. CaC12 and MgCl2 were not 
added as in previous experiments. The % specific 3ff and % specific LDH release were 
estimated after 30 minutes of incubation at 37°C, as described above. 
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Statistical analyses 
Statistical analyses · were conducted using a commercially available 
microcomputer program (Systat, Evanston). Concentration- and time-dependent effects 
ofLKT and/or A23187 on [3H] AA and LDH release, and the effects of these stimulators 
on the distribution of radioactivity in neutrop~l membranes and L TB4 synthesis were 
. compared to corresponding negative controls using t tests .. _ The effect of AACOCF 3 on 
release of [3H] AA from intact neutrophils was investigated by comparing the response at 
each dosage levelwith that of the inhibitor"'.'free control~ using Dunnett's test. The effects 
of AACOCF3 on the distribution of radioactivity in LKT-exposed neutrophils and 
extracellular Ca2+-dependency of LKT induced. responses were ·investigated using the 
general linear model fol19wed by comparison of means using Turkey1 s test. Differences 
between means were declared significant at the P < 0.05 level. 
Results 
LKT caused [3H] AA and AA metabolites release (6.19 ± 0.50% at a dilution of 
1: 10) and LDH leakage (77 :09 ± 21.92% at a dilution of 1: 10) from bovine neutrophils in 
a dose-dependent ~anrier whereas· LKT(·) failed to stimulate either [3H] AA an~ AA 
metabolites release or LDH leakage across the range, ofdilutions tested (Figure 5). When 
compared with the response to A23187, exposure of [3H] AA-:-loaded neutrophils to LKT 
resulted in lower maximum% specific [3H] AA release (8.69 ± 2.14 at 30 minutes of 
incubation versus 37.11 ± 9.66 at 60 minutes for A23187) buthigher maximum % 
specific LDHrelease (79.38 ± 1.77 versus 47.92 ± 2.79 for A23187) (Figure 6). Maximal 
responses for both [3H] AA release and LDH release were achieved more rapidly by 
LKT-exposed neutrophils than by those exposed to A23187. 
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Thin-layer chromatography revealed that incubation of bovine neutrophils with 
[3H] AA resulted in labeling of the phospholipid, FF A, and NL components of lipid 
membranes (Table l). · In neutrophils ex:posed to LKT(-), the highest proportion of 
. - ~ . . . 
radioactivity was associated with PC (38.07 ± OA4%) and lower proportions were 
associated with the FFA (7.02 ± 0.41%)andNL (14.63 ± 1.46%) constituents. Exposure 
to LKT caused a significant decrease in labeled PC and increases in labeled FF A and NL, 
.· . . 
consistent with metabolism· of phospholipid substrate by phospholipases and production 
. . 
of free arachidonate and L TB4, which elute together with .the FF A and NL standards 
. . 
. . 
• ' .• ,i . . .. 
. (Bauldry et al, 1988), respectively. Exposure to A23 l.87 caused an even greater ·transfer 
in radioactivity from PC to NL domponents, consistent with this ionophore's ability to 
induce Ca2+ -mediated production of eicosanoids. 
Pretreatment ofneutrophils with AACOCF3 confirmed the.involvement of cPLA2 
· in LKT-induced synthesis of eicosanoids. When [3H] AA-loaded neutrophils were 
pretreated with the inhibitor and subsequently exposed to LKT, the amount·. of 
. radioactivity released decreased as the concentration of AACOCF3 was increased (Figure 
7) .. At a concentration of 160 µM, the amount of radioactivity released was 76.19 ± 
2.66% of the value measured without the inhibitor. The calcium ionophore, A23l87, was 
even more susceptible to the inhibitory effects of AACOCF3; at 160 µM, release of 
radioactivity was decreased by approximately 50_% .. The effects or' AACOCF3 on the 
distribution of radioactivity in neutr.ophil membranes further supported the involvement 
" . 
of cPLA2, by demonstrating inhibitory effects on LKT-induced decrease in PC substrate 
and increase in NL product (Table 2). ·· However, AACOCF 3 ajso caused significant 
increases in labeled FF A, suggesting that this inhibitor may affect enzymes and processes 
in addition to those involved in release of AA by cPLA2. Nevertheless, treatment of· 
unlabeled neutrophils with AACOCF3 demonstrated that preservation of PC substrate is 
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. correlated with LTB4 synthesis, as the LKT-and A23187-induced releases ofLTB4 from 
intact neutrophils were both inhibited (Figure 8). 
Release of radioactivity and LDH ··from LKT-exposed neutrophils was Ca2+ -
· dependent (Figure 9} Removal of Ca2+ from the incubation medium caused decreases in 
both [3H] AA and LDH release. Furth~r · decreases in -bqth responses were produced 
• I • ' • 
when, EGTA was added to the Ca2+ • .free medium; LKT-induced.effects were restored 
' . 
when a high concentration of Ca~+~· exceeding the chelating capacity of EGTA, was 
added. These results were consistent with· Ca2+ ..,dependent catalysis of membrane 
phospholipids by cPLA2; 
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Table 1 
Mean (± SD) counts per minute (cpm) and percentages of total radioactivity in 
each elution profile (n = 3) corresponding to phosphatidyl choline (PC), phosphatidyl 
inositol (PI), phosphatidyl ethanolamine (PE), free fatty acids (FF A), and .neutral lipid 
(NL) standards. Bovine neutrophil suspensions were incubated at 3 7°C. for 90 minutes 
with LKT (1: 10), LKT(-) (l: 10), A23 l87 (5 µM), and dimethylsulfoxide (DMSO), and 
lipid extracts were subjected to thin.:. layer chromatography; 
LKT(-) LI<.T DMSO A23187 
cpm % cpm % cpm % cpm % 
PC 103052 38.07 82032 29;62* · 109896 40.50 47168 20.50* 
± 8979 · ± 0.44 . ±10299 .± 0,26 ±2618 ±0.60 ± 1754 ±0.63 
PI 51956 19.22 .. 65867 23.76* .. 47165 17.39 38001 16.53 
± 3421 ± 0.53 ±9046 ±0.14 ± 1629. ±0.89 ± 1762 ± 1.01 
PE 51011 18.93 46701 16.89 33471 12.23 24943 10.90 
±488 ± 1.57 ±5022 ±0.58 ±26570 ±9.69 ±8584 ±3.96 
FFA 19056 7.02 27139 · 9.73* . 18755 7.02 30373 13.24 
±2722 ± 0.41 ± 5794 ±0.80 ± 26344 ± 9.91 ±7755 ± 3.50 
NL 39825 14.63 49186 17.77* 33818 12.45 40533 17.54* 
±7241 ± 1.46 ± 5791 ± 0.33 ±3854 .. ± i.26 ± 7391 ±2.55 
* Values significantly different from corresponding negative control values 
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Table 2 
Mean (± SD) counts per minute (cpm) and percentages of total radioactivity in 
each elution profile (n ~ 4) corresponding to phosphatidyl choline (PC), phosphatidyl 
inositol (Pl), phosphatidyl ethanolamine (PE), free fatty acids (FF A), and neutral lipid 
(NL) standards. Bovine neutrophils, loaded with [3H]-AA, were pre-incubated with 120 
· µm AACOCF3 or DMSO solvent control (2% final.concentration, v/v) for 15 minutes, 
and then exposed (n = 4) for 90 minu~es at 37°C to LKT (1 :10) or LKT(-)(1: 10) 
LKT(-) LKT , · LKT + AACOCF 3 
cpm % cpm % cpm % 
PC 63706 37_53a 52620 31.82h 64093 34.85C 
± 18981 ±0.88, ± 6935 ·. ± 1.22 ±3762 ± 1.41 
. ' 
PI 35564 20.928 32501 l9.7oa 35283 19.08a 
± 10708 ± 0.35 ±3593 . ±0.97 ± 10919 ± 5.37 
PE 35314 20.83a 27884 16.81h 23865 12.94C 
± 10382 ±0.45 ±4742 ± L02 ±2639 ±0.73 
FFA 6476 3.83a 8775 · 5_34b 12415 6.74C 
± 1785 ±0.08. ±494 ± 0.34 ± 941 ± 0.17 
NL 17877 10.53a 24042 14.56b 24557 13.30C 
± 5256 ±o:57 ±2598 ±0.09 ±3072 ±0.54 
Values within the same row that have different letter superscripts are significantly 
different. 
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Effect of LKT and LKT(-) control preparations on release of [3H] AA and 
LDH. Isolated neutrophils, loaded with [3H] AA; were exposed to 
dilutions of LKT or LKT(-) for 60 minutes (n = 4). Mean values 
describing release of [3H] AA caused by LKT.dilutions = 1:1,000 were . 
significantly differeni froin corresponding LKT(-) values. Except for the 
1: i 0,000 dilution, all % specific LDH release values were significantly 
different from corresponding negative control values. 
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Figure 6. Time-dependent effects on release of [3H] AA and LOH after exposure of 
isolated bovine netitrophils to LKT (1: 10 dilution), LKT(-) (1: 10 dilution), 
or A23187 (25 µM). All LKT and A23187 values were derived from 
samples incubated for ~ 5 minutes were significantly different from 
cotresponding•LKT(-) values. 
Figure 7~ 
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Figure 8. Effect of AACOCF3 (lnh.) on synthesis of LTB4 induced by exposure of 
isolated bovine neutrophils to LKT ( 1: 10) or A23187 ( 5 µM) for 120 
minutes (n = 4). 
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Figure 9. Extracellular calcium dependence of LKT-induced effects on % specific 3H 
AA release and % specific LDH release. Isolated neutrophils were 
exposed to a 1: 10 dilution of LKT in buffer suspensions containing 1 mM 
CaCb (1 mM Ca), no Ca2+ (Ca-free), 1 mM EGTA and no Ca2+ (EGTA), 
or 1 mM EGTA and 3 mM CaCl2 (EGTA + 3 mM Ca). All treatments 
within each of the response variables were significantly different from one 
another. 
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Discussion 
Pasteurella haemolytica LKT is a member of the repeats-in-toxin (RTX) group of 
exotoxins that are produced by a number of gram-negative bacteria; Previous studies 
have indicated that LKT causes cytolysis ·. of ruminant leukocytes and platelets 
(Clinkenbeard et al, 1989; Clinkenbeard and Uptqn, 1991) and, at sublytic 
concentrations, induc~s degranulation of neutrophils and generation of reactive oxygen 
derivatives (Maheswaran et al, 1992; Cztiprynsk( et al,1991). Furthermore, exposure of 
· bovine neutrophils to LKT stimulates the release of eicosanoids such as L TB4 (Henricks 
et al, 1992; Clinkenbeard .et. al,. 1994), which· has· been implicated as an important 
chemotactic agent for bovine neutrophils (Heidel et. al, 1989) and a: mediator of 
inflammation in P; haemolytica infection {Clarke et al, .1994 ). 
Synthesis of L TB4 involves two important enzyme systems; PLA2 and 5-
lipoxygenase (5-LO). The former catalyzes the hydrolysis of cell membrane 
phospholipids to liberate AA, which is then further oxidized by the latter to L TB4 via the 
intermediate, 5(S)-hydroperoxy-6,8, 11, 14-(E,E,Z,Z)~eicosatetraenoic acid (5-HPETE) 
(Ford-Hutchinson et al, 1994). · Hydrolysis of membrane phospholipids by PLA2 is 
believed to be the rate limiting step in eicosanoids synthesis (Glaser et al, 1993) and, 
. therefore, serves as a relevant focus for investigation of the mechanism ofLKT-induced 
synthesis ofLTB4 by bovine neutrophils. 
Release of radioactivity Jrom. [3H] AA,;;.loaded cells provides a convenient and 
sensitive method of studying phospholipase activity in a wide variety of cell types, 
' ' 
including neutrophils. · Incorporation of [3H] AA into the P~, PI,_and PE fractions of the 
lipid membrane in the present study was consistent with the results of previous studies 
investigating remodeling of phosphoglycerides in neutrophils (Chilton and Murphy, 
1986; Ramesha and Taylor, 1991). This incorporation profile is not related to pool size, 
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\ 
but reflects rates of phosphoglyceride turnover. In human neutrophils, relatively short 
incubation periods, such as that used in the present study, result in preferential 
incorporation of activity into PI and PC, whereas longer incubation periods result in more 
radioactivity being incorporated into PE. .All three of these phosphoglycerides serve as 
important substrates for the PLA2 enzymes found in neutrophils (Mayer and Marshall, 
· 1993). Thus, the results of the present study demonstrating LKT-induced release of 
incorporated [3H] AA and redistribu{ioh.of radioactivity from PC substrate to FFA and 
NL products provide strong evidence of activation of PLA2 by LKT. Although 
statistically significant, the extentto which LKT activated PLA2 was lower than that 
predicted from previous studies (Cli~enbeard etal, !'994) that indicated that exposure of 
bovine neutrophils to LKT .caused the production of .large quantities of L TB4. However, 
. . . . ' . . ·., . 
this discrepancy can .be explainedby the limit~tions of measuring only the release and 
redistribution of labeied·AA and metabolites. Comparison between gas·chromatographic 
and radiometric assays led to the· conclusion that radiometric assay substantially 
underestimates PLA2 activity because ifdoes·not take into account the AA released from 
endogenous, unlabeled phosphoglyceride pools (Ramesha and Taylor, 1991 ). 
Release of AA from neutrophil membrane phosphoglycerides is believed to occur 
primarily via the actions of two types of PLA2; type II secretory PLA2 (sPLA2) and type 
IV cytosolic PLA2 (cPLA2) (Mayer and Marshall, 1993; Bauldry et al, 1988). Low MW 
sPLA2 (-14 kDa) requires inM concentration~ of Ca2+ for ·optimal catalytic activity 
. . . 
(Glaser et al, 1993; Dennis~ 1994),Jtn,d has no fatty acid specificity in the sn-2 position of 
. phosphoglyceride substrates, but prefers .PE and, to a lesser degree, PI and PC (Diez et al, 
1994). In contrast to sPLA2." cPLAl has a higher· MW (-85 kDa), requires nM 
concentrations of Ca2+ for.translocationfrom the cytosol to the nuclear envelope, and has 
no phospholipid substrate preference but prefers AA in the sn-2 position. 
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Inhibitory effects ofAACOCF3 on LKT-induced release of [3H] AA and LTB4 
from intact neutrophils and decrease in PC and increase in NL fractions of neutrophil 
membranes provides further evidence that exposure ofbovine neutrophils to LKT 
activates PLA2. AACOCF3, an analo~ue of AA in which the COOH group is replaced 
with COCF3, is a slow, tig}lt-binding inhibitor of cPLA2 (Street et. al, 1993); it has no 
inhibitory effect on sPLA2 (Street et al, 1993: Bartoli · et al, 1994). However, the 
decreases in PE and PI and the incr~ase in FFA membrane fractions of cells exposed.to 
. LKT in the presence ofAACOCF3 suggest that whileAACOCF3jnhibits cPLA2, it may 
promote hydrolysis of phospholipid substrates. other than PC. . A more definitive 
understanding of the specificity .of AACOCF3 for . enzymes involved in · release of 
membrane phospholipids · and membrane .rempdeling would. require identification of 
· catalysis products using. an analytical method. that has greater· resolution than TLC. 
Experiments involving human neutrophils permeabilized with another pore-
. forming bacterial toxin, Staphylococcus aureus a~toxin, have provided strong evidence 
... 
that cPLA2 is primarily responsible for providing AA precursor for L TB4 ·. synthesis 
.· (Bauldry and Wooten, 1996). However, the involvement of cPLA2 in providing substrate 
for leukotriene synthesis is less certain in other leukocyte . types. In human monocytes~ 
cPLA2 appears to play a more important role in synthesis of prostaglandins than· · 
leukotrienes; sPLA2 apparently is primarily responsible for providing the substrate for 
leukotriene formatio~ (Marshall et di, 1997). Nevertheless; it is clear from the inhibitory 
effect of AACOCF3 on LTB4 synthesis observed in theptesent study that, in bovine 
neutrophils, cPLA2 plays an important role in leukotriene biosynthesis. 
- . . 
A previous study (Clinkenbeard et al, 1994) demonstrated that LKT-induced 
synthesis of L TB4 is dependent on extracellular Ca2+. The present study further extends 
our understanding of the involvement of Ca2+ in LKT-induced LTB4 synthesis by 
confirming that Ca2+ is necessary for activation of PLA2. Influx of Ca2+ into LKT-
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exposed neutrophils causes increased intracellular Ca2+ concentration, which serves as 
the stimulus for the oxidative burst (Ortiz-Carranza and Czuprynski, 1992). Calcium-
dependency of PLA2 function is consistent with the role of Ca2+ in stimulating 
translocation of cPLA2 or modulating the catalytic activity of sPLA2. The further 
reduction in responses observed in the present study when EG TA· was added to the Ca2+ -
. . 
free suspension medium suggests that intraceliular stores of Ca2+ may also contribute to 
the LKT-induced increase in intracellµ.lar Ca2+; extracellular' EGTA causes rapid 
depletion of inttl;lcellular Ca2+ stores as Ca2+. rapidly diffuses down a concentration 
. . . 
. gradient from intracellular organelles to extracellular buffer (Rosales and Brown, 1992). 
. . 
The involvement of PLA2 in LD:H release appears to be m~re complex than that 
. of L TB4 synthesis. Extracellular leakage. of large MW LI>H ·serves. as a measure of 
plasma membrane integrity. The parallel· LKT concentr~tion-dependencies of LDH 
release and [3HJ AA and AA metabolites release suggested that a single mechanism, such 
as the elaboration of both AA and membrane-damaging lysophospholipids, may explain 
both responses.· However, close examination of the relationship between incubation time 
. . . 
and LDH release from LKT- or A23i87-exposed neutrophils indicated that LKT caused 
more LDH release yet less [3H] AA and AA metabolites release than did A23187. The · 
moderate degree of membrane damage caused by A23187 suggested that Ca2+ _mediated 
activation of phospho.lipases and production of lysophosphoJipids probably coritributed to 
membrane damage, but other mechanisms must be investiga,ted to fully explain the lytic 
effect ofLKT. 
The .central role. of neutroi:>hils in ·.the development of fulminating. ·pneumonic 
.· pasteurellosis is well· supported. Experimental aerosol exposure to P. haemolytica 
induces rapid infiltration of neutrophils into the lung (Walker et al, 1985) and a marked 
increase in the neutrophil/macrophage ratio (Lopez et al, 1986). These changes correlate 
well with reported histologic changes in which small airways become · plugged with 
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purulent exudate (Lopez et al, 1986). There is reliable. evidence indicating that 
mobilization of neutrophils does not · effectively combat infection, but contributes to 
development of lung lesions. Neutrophil depletion prior to inoculation with P. 
. . . 
haemolytica protected calves from tl;te de~elopment of gross fibrinopurulent pneumonic 
lesions (Slocombe et al, 1985), although less.severe inflammatory changes still occurred 
(Breider et al, 1988). Thus, the neutrophil-mediated inflammato·ry response itself appears 
. . 
to be a major determinant of P. haemolftica pathogenicity and identification of the 
mechanisms whereby LKT induces the synthesis of leukotrienes that cause 
chemoattraction of rieutrophils into . infected tissue is crucial to understanding the 
pathogenesis of p:tieumonic pasteurellosis. The results of the present study support the 
hypothesis that LKT-induced LTB4 synthesis involves Ca2+-dependent activation of 
This study, together with further elucidation of the role of other PLA2 enzymes 
and 5-LO in LKT-induced synthesis of LTB4, is expected to identify pathways and 
mechanisms that can be targeted to develop strategies for the control of infections caused 
by P. haemolytica and other similar bacteria. Antibacterial therapy of these infections 
may fail because inflammatory responses caused by bacteria ~hange the composition of 
interstitial fluid and compromise host defenses (Clarke et al, 1994), thus decreasing 
antibiotic activity (Vandaux and Waldvogel, .1980): The, use .of agents to suppress 
' . . . . 
uncontrolled pulmonary exudation mediated by inflammatory pathways such as 
activation of cPLA2 is likely··· to have .. tpe benefit .- of· restoring effective heutrophil 
phagocytic function as well as enhancing the efficacy of .antibacterial therapy. 
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·. CHAPTERV 
ROLE OF PHOSPHOL!PASE DIN PASTEURELLA HAEMOLYTICA LEUKOTOXIN-
•• •• •• d 
INDUCED INCREASE IN PHOSPHOLIPASE A2 ACTIVITY iN BOVINE 
' ' 
NEUTROPHILS 
introduction 
. . . . 
Pasteurella haemolytica biotype A serotype 1 is · the primary bacterial agent of 
' ' ' 
bovine pneumonic pasteurellosis or shipping fever (Collier et al., 1962), a disease that is 
characterized by extensive infiltration ofneutrophils and exudation of fibrin into airways 
and alveoli . (Yates, 1982). Instead of clearing the bacterial infection, mobilized 
neutrophils aggravate lung injury (Breider et al, 1988; Slocombe et al;. 1985), probably 
by undergoing degranulation and lysis resulting in the release of inflammatory mediators, 
superoxides, · and proteolytic enzymes. 
A bacterial virulence factor that appears to contribute .:substantially to infiltration 
. .. . ., ' 
ofneutrophils into sites of Pasteu~ella haemolytica infection is P. haemolytica leukotoxin 
(LKT). Leukotoxin is a pore:.f01mingRTX cytotoxin proquce.d by log-phase bacteria that 
· is specifically cytqlytic to ruminant leukocytes and platelets (Clinkc:mbeard et al, 1989; 
Clinkenbeard et al, 1991) .. Exposure of bovine neutrophils to LKT stimulates not only 
degranulation and production of superoxides (Maheswaran et al, 1992} but also synthesis 
of chemotactic eicosanoids, such as·leukotriene B4 (LTB4) (Clinkenbeard et al, 1994}. 
Leukotriene B4 is a potent chemotactic agent for bovine neutrophils (Heidel et al, 1989) 
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and has been implicated as an important mediator of P. haemolytica-induced 
inflammation (Clarke et al, 1994). 
Leukotriene B4 is derived from oxidation of arachidonic acid (AA), which is 
released from membrane phospholip!ds by the action of phospholipases (Needleman et al, 
1986). A previous study h~s.demonstrated that exposure of bovine neutrophils to LKT 
results in increased actiyity of cytosolic phospholipase A2 ( cPLA2) and subsequent 
synthesis of L TB4; · a specific inhibitor of cPLA2 inhibited both the release of membrane 
AA as well as production of LTB4 (Wang eta!, 1998). Leukotoxin-induced effects on 
cPLA2 were dependent on extr~crdlular Ca2+, · consistent with the role of calcium in 
promoting translocation of.cPLA2 from the cytosol to cell membranes. However, it is 
unlikely that regulation of cPLA2 occurs entirely yia the direct effects of intracellular 
Ca2+. In human neutrophils, PLA2 acts in concert with phospholipase D (PLD), which 
occupies a central position in the signaling cascade leading to neutrophil activation and 
synthesis of eicosanoid. mediators in response to physiological stimulators (Baul dry and 
Wooten, 1997). Future research exploring the use of anti-inflammatory agents to 
attenuate LKT-induced inflammation depends on elucidation of the principal regulatory 
mechanisms controlling phospholipid metabolism. Therefore, the objectives of this study 
were to determine whether LKT causes an increase in PLD activity in bovine neutrophils 
and to study the r¢gulatory role ofPLD in LKT-induced activation_ of PLA2, 
Materials and Methods 
Preparation of P. haemolytica Leukotoxin · 
P. haemolytica LKT and LKT-negative control (LKT(-)) preparations were 
prepared as described previously (Wang et al, 1998), using a P. haemolytica biotype A, 
56 
serotype 1 . wildtype strain and its isogenic LKT-deficient mutant {produced by allelic 
replacement of LktA with a ~-lactamase bla gene) (Murphy et al, 1995). Leukotoxin 
activity was quantified as toxic units (TU) using BL3 cells, as described previously 
(Clinkenbeard et al, 1994). Orte TlJ was defined as.the amount of LKT that caused 50% 
maximal leakage of lactate d,ehydrogenase (LDH)-froi:n 4 x 10s BL3 cells in 200 µl at 
370c after 1 hour of incubation. The mean activity of undiluted LKT preparations used 
.' . . •'-
in this study was 6:6 ± 1.9 x 10s TU/ml.. LKT andLKT(-) preparations'were divided into 
aliquots and stored frozen at -135°C until.use. 
Preparation of bovine neutrophils 
Two healthy beef calves (200 ± 5() kg) .served as blood donors for isolation· of 
neutropbils. Neutrophils were isolated by hypotonic lysis as described previously {Wang 
et al, 1998) and suspended in Ca2+_ and Mg2+_free HBSS .. Cell concentration and 
. . 
viability were estimated by hemocytometer and trypa.n blue exclusion. Proportions of 
viable neutrophils were greater than 95%. 
Radiolabeling of bovine neutrophils 
Activity · of PLA2 wgg assayed by measuring the · release of [3HJ AA from 
radio labeled cell membranes ... Bovine neqtrpphils Were labeled using a modification of 
the method described by Ramesha and Taylor (1991), Briefly~ [3H] AA (100 µCi/ml or 
0.0010 mmol/ml ethanol, Dupont NEN Research Products, Boston) was added to 
neutrophils in suspension (2.0 x 107 cells/ml) at 0.5 µCi/ml, and the suspension was then 
incubated at 37°C for 30 minutes. Thereafter, the suspension was centrifuged (200 x g, 
10 min) and the cell pellet washed twice with cold HBSS before resuspending the 
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neutrophils in HBSS containing 0.5 rnM MgC12, 50 µM EGTA, and lrnM CaC12 at a 
concentration of LO-l.5 x 107 cells/ml. 
Activity of PLD was assayed by measuring the release of radioactivity from cells 
labeled with 1-0-alkyl-[l '-2' _3H].,2-lyso-glycerol-3-phosphatidylcholine ([3HJ lyso-PC, 
30Ci/mmol, Dupont NEN Research Products, Boston). [3H] lyso,.PC was suspended by 
sonication in Ca2+~free HBSS (7 µCi of [3H]lyso-,PC in 70 µl ethanol was mixed with 10 
ml HBSS buffer) and then added to the tube containing the bovine neutrophil pellet. The 
cell concentration was~ 3.0 x 107 cells per mL Cell suspensions were incubated at 370c 
for 45 min, washed twice with cold HBSS, and finally. suspended in modified HBSS 
(lrnM Ca2+, 0.5 mM Mg2+, 50µM EGTA) at i.5 x 107 cells/ml. 
\ ., . 
Effect of LKT on neutrophil PLD activity 
Concentration- and time-dependent effects of LKT and controls were tested in 10 
. . 
ml glass tubes. LKT-induced responses were distinguished by comparison with LKT(-). 
Concentration.:;dependent effects of LKT on PLD activity were studied by incubating [3H] 
lyso-PC-:loaded neutrophils withdilutions (1:100, 1:1000, 1:50000) ofLKT or LKT(-) for 
15 minutes. The relationship between period of incubation and LKT-induced stimulation 
of PLD was me11sured by incubating neutrophils with LKT (1: 1000} or LKT(-) (1: WOO) 
. . 
for 0, 2, 5, 10 or 15 minutes. Experiments included at.Ieast3 replicates for each of the 
primary treatments. 
Stimulation was terminated by addition of J ml chlorofoi:m-inethanol (1 :2 v/v) and . 
0.1 ml 9% formic acid, and lipids were extracted using a modificat1.on of the method of 
Bligh and Dyer (1959). Briefly, the mixture wasvortexed for 2 minutes, 2 ml chloroform 
were added and the mixture was vortexed for 30 seconds followed by further addition of 
1 ml water and mixing for 30 seconds. Aftercentrifugation at 600 x g for 10 minutes, the 
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chloroform phase was removed and evaporated under a stream of • nitrogen. Lipid 
precipitates were resuspended in 30 µl chloroform-methanol (9: 1, v/v) Md separated by 
thin-layer chromatography (TLC) on channeled Silica Gel G 60 TLC plates (250 mm 
thickness, 20 x 20 cm plates, Fisher Scientific Co., St. Louis) by development for 70 
··minutes in the organic phase of a solvent sysfom · consisting of ethyl acetate : iso-octane : 
acetic acid : water (110:50:20:100, v/v) (Bauldry and Wooten,' 1997). Silica gel bands 
. ·. ,. . . 
corresponding to phosphatidic acid (PA),· the primary pmduct of PLD-catalyzed 
. •. . 
hydrolysis of phosphatidylcholine, were ide~tified by parallel elution of PA standard 
. . ' ·· ... 
(Sigma Chemical Co., St. Louis) apd scraped ii;ito sc~tillation vials for measurement of 
. . 
radioactivity by liquid scintillation counting (Model LC5000TD, Beckman Instruments). 
. . 
Radioactivities in eluted bands .corresponding to lipid stand~ds were· reported as counts 
perminute (cpm) and as percentages oftotal radioactivity spotted onto the plates. 
Effect of ethanol on LKT-induced PA production 
Ethanol does not inhibit PLD, but promotes transphosphatidylation activity, 
.. resulting in the production of phosphatidylethanol (PET) instead of PA. To confirm that 
LKT-induced PA production was due to PLD activation, [3H] lyso-PC-labeled bovine 
neutrophils were .exposed to LKT (l:500) in the presence of ethanol (0 - 2.5%, v/v). 
After incubation at 3 7°C for 15 min; production of PA· and PET were measured by TLC, 
as described above using PA and PET (Avanti Polar.:~ipids, Inc, Alabaster, AL) 
standards for identifi<;ation of product bands. 
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Regulation of PLA2 activity by PLD 
The regulatory influence of PLD on PLA2 activity was investigated by studying 
the effect of the PLD product, PA, on release of radioactivity from [3H] AA-labeled 
neutrophils. Initially, labeled rieutrophils were exposed to LKT in the presence or 
. .. . .... . .· . 
absence of ethanol (0-2.5%, v/v} to inhibit PLD-catalyzed production of PA. Thereafter, 
effects of PA prod~ced by PLD were confirmed by exposing Iieutr'ophils to LKT in the 
presence of ethanol with or without added PA. At _the completion of each incubation 
period (15 minutes at 37°C), experiments were terminated by centrifugation at 10,000 x g 
· for 5 minutes, 100- µl supematants were· suspended in 5 rill liquid· scintillation cocktail 
(Atomlight, Dupont NEN Research Products, Boston), and radioactivity was measured 
for 5 minutes by liquid scintillation counting. Percent specific release of radiolabeled 
· phospholipid substrate was calculated using the formula: 
(LKT-induced radioactiyity in supernatant - Bkg) x 100 
% specific 3H release 
Tot-Bkg 
where Bkg is the radioactivity released by suspensions exposed to Hanks buffered saline 
. ·. . . ,· . 
solution (HBSS} and Tot is :th~ total radioactivity added to srurtple .. · 
Involvement of calcium in LKT-induced activation of PLD 
The extracellular Ca2+_ dependence of LKT-induced production of PA from 
radiolabeled neutrophils was tested by altering the concentration of calcium in the 
_ neutrophil suspension media. Neutrophils were suspended in calcium-free HBSS, HBSS 
with 1 mM CaC12, HBSS with 1 mM EGTA, or HBSS with 3 mM CaC12 and 1 mM 
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EGTA. Additional CaC12 and MgC12 were not added as in previous experiments. The 
production of PA was estimated after 15 minutes of incubation at 37°C, as described 
above. 
Statistical analyses 
Statistical . analyses were conducted usmg a comrr1ercially available 
microcomputer program (The SAS sy~tem, SAS institute Inc:, Cary, NC).· Concentration-
and time-dependent effects of LKT .on . PA ~d PET·. production were compared to 
corresponding negative controls using unpaired t tests. The effect of PA on release of 
. ' . . ,'. : . 
[3H] AA from intact neutrophils was investigated by comparin$ 'the response at each 
dosage level with that of .the. ethanol-free control, using Dunnett's test. The effects of 
extracellular Ca2+-dependency of LKT induced responses were investigated using the 
.; ,... . . . 
general linear model followed by comparison of means using Turkey's test. Differences 
between means were declared signifa;ant at the P < 0.05 level. 
Results 
LKT caused production of PA in·isolated · bovine neutrophils in a· concentration~ 
and time-dependent manner whereas LKT(-) failed to stunulate PA production (Figures 
. . . . . 
10, 11). PA production in bovine h~utfophils appeared inore sensitive to LKT than [3H] 
. ' . . ... 
AA release. As the concentration of LKT was decreased from l: 100 to 1: 1000, release of 
[3H] AA decreased by approximately 70% (Figure 5 in Chapter IV) while PA production 
decreased by only 20% (Figure 10). · In the presence of ethanol, LKT-induced PA 
production decreased while production of PET (the product of PLO 
transphosphatidylation activity) increased in an ethanol concentration-dependent manner 
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(Figure 12). These results confirmed that exposure of bovine neutrophils to LKT resulted. 
in increased PLD activity. 
The effects of ethanol on release of [3H] AA from LKT-exposed neutrophils, with 
or without addition of PA, provided strong evidence thatPLD regulates PLA2 activity. 
. As ethanol. concentration·. was increased between O and 1 %; LKT-induced [3H] · AA 
Telease decreased (Figure 13). Preliminary ex:periments had determined that ethanol is 
. . 
cytotoxic to neutrophils at high concentration,' but at concentrations less than 2%, there 
were no adverse effects on cell ?1embrane integrity, as measured by LJ;:>H release (Figure 
14). When exogenous PA was added in the presence of 1 % ethanol, release of 
. . . 
radioactivity from [3H] AA-labeled neutr9phils was restored {Figure 15). The effect of 
exogenous PA on PLA2 activity was concentration-dependent . 
. . . . . ',. . . ' 
The effect of LKT on PLD activity in bovine. neutrophils was Ca2+ -dependent 
. (Table 3). · Removal of Ca2+ :from the incubatkm mediupi .caused decreased PA 
production by [3H] Lyso-PC-labeled j:1.eutrophils. LKT.:induced effects were only 
partially restored (the significant level was P < 0.1 instead of p < 0.05) when a high . 
. . .. . 
concentration of Ca2+ that exceeded the chelating capacity ofEGTA was ~dded. 
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Table 3 
' ' 
Extracellular calcium dependence of LKT-induced production .of phosphatidic 
acid (PA). Isolated netJtrophils were exprn~ed t~ LKT in buffer suspensions containing 
lmM CaC12 and O mM EGTA, 0 .mM CaC12 and 1 mM EGTA, 0 CaC12 and O mM 
EGTA, or 3 mM CaC12 and 1 mM EGTA. .. . 
Incubation condition · % Totalcpm:.corresponding to PA 
1 mM CaC12, 0 mM EGL~, . l.06±0.09* 
0 CaCl2, 0 mM EGTA · .. 0.427±0.03 
.· 0 mM CaCl2, .. 1 niM EGTA 0.435 ± 0;05 . 
3 mM CaCl2, 1 mM EGTA 0.535 ± 0.03a 
*Value signific~tly different from values of the other three :treatments. 
ay alue significantly different from the value of treatment with O CaC12, 0 mM 
EGTA (P< 0.1). . 
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Figure 10. Effect ofLKT and LKT(-) control preparation on production of PA in isolated 
bovine neutrophils. Neutrophils were loaded with [3H] lyso-PC, exposed 
to dilutions of LKT or LKT(-) for 15 minutes, and subjected to TLC (n = 
3). % Total cpm = proportion of total radioactivity corresponding to PA 
standard. *Mean (± SD) LKT values were significantly higher than 
corresponding LKT(-) values. 
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Figure 11. Time-dependant effects of LKT or LKT( ~) on production of PA in isolated 
bovine neutrophils. Neutrophils were loaded with (JH] lyso,.PC, exposed 
to· 1 : 1000 dilutions of LKT or LKT(-) for various periods, and subjected to 
TLC (n = 3). % Total cpm = proportion of total radioactivity 
corresponding to PA standard. * All mean (± SD) LKT values derived 
from samples incubated for ~ 2 minutes were significantly higher than 
corresponding LKT(-) values. 
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Figure 12. Effects of ethariol on production of PA and PET by- isolated bovine 
neutrophils. Neutrophils. were loaded with PH] lyso-PC, exposed to a 
1:500 dilution. of LKT for 15 minutes iri the presence or absence of 
ethanol, and subjected to TLC (n = 3). % Total cpm at PA =proportion.of 
total radioactivity corresponding to PA standard .. % Total cpm at PET = 
proportion of total radioactivity corresponding fo . PET standard. · * All 
mean (± SD) LKT values for each product were significantly different 
from the corresponding 0% ethanol value. · 
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Figure 13 .. Effect of ethanol on release of [3H] AA and A.A metabolites from isolated 
bovine neutrophils. Neutrophils loaded, with [3H] AA were exposed to 
LKT (1 :500) in the presence. of absence of: ethanol for 15 minutes, and 
released radioactivity was meas1;1fed (n ~ 3): * All mean (± s·o) values 
were significantly·different from the. corresponding 0% ethanol value. 
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Figure 14. Toxicity of ethanol on isolated bovine neutrophils. Bovine neutrophils (1.5 x 
1 Q7 cells/ml) were incubated with different concentrations of ethanol as 
indicated for 60 min. The incubation was stopped by centrifugation and 
LDH in the supernatant was determined by the method decribed in Chapter 
IV (n = 4). 
Figure 15. 
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exogenous PA. Neutr9phils load.ed with [3H] AA were exposed to LKT 
(1 :500) in the presence or absence of ethanol for 15 minutes and 
exogenous PA was added before measu:nng release of radioactivity .(n = 
3). 
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Discussion 
Previous studies have indicated that bovine neutrophils play a central role in the 
development of acute pneumonic paste:urellosis. Experimental aerosol exposure of P. 
haemolytica Al to ·calves induces rapid infiltration on neutrophils ·into the lung (Walker 
. . 
et al, 1985) and a marked change in the neutrophil/macrophage ratio (Lopez et al, 1986). 
. . 
These changes are closely correlated with reported·. histologic changes in which small 
. . ' ' . 
. airways become plugged with purulent · ~xµdate (Lopez et al; 1986). . There is reliable 
evidence indicating that mobilization of neutrophils cloes not effectively combat infection 
but contributes to development of lung lesions., prdbabiy' due to tel ease of oxygen-derived 
free radicals and hydtolytic.'ei1Zymes. · Neutrophil depletion prior to inoculation with P. 
. . . •, ; ' " .· . . 
haemolytica protected calves from· the develbpnient of gross fibrinopurulent pneumonic 
' ·;. 
lesions, although less severe inflammatory changes still occurred.(Breider et.al, 1988; 
Slocombe et al, 1985). · Thus, the neutrophil-mediated inflammatory response itself 
appears to be a major determinant of P. haemolytica. pathogenicity, ·and identification of 
the mechanisms whereby. ·P. haemolytica infection·· induces.··. extensive neutrophil 
infiltration and degranulation is crucial to understanding the pathogenesis of pneumonic 
pasteurellosis. 
Leukotoxin is· believed to be the maJor virulence factor of P. haemolytica 
· respon~ible for activation of bovin~ i:ieutrophils · in the development of pneumonic 
pasteureHosis. In contrast to P. haemolytica lipopolysaccharide, which causes vascular 
injury (reviewed in Whitely et al, 1992) but is nottoxicto bovine neutrophils (Confer and 
Simons, 1986), LKT is specifically cytolytic t.o .· ruminant leukocytes and platelets. 
Stimulation of bovine neutrophils in vitro results in rapid leakage of intracellular K+ artd 
cell swelling (Clinkenbeard et al, 1989), increase of intracellular calcium concentration 
([Ca2+Ji) (Oritiz-Carranza and Czuprynski, 1992}, degranulation (Czuprynski et al; 
1991), generation of free oxygen radicals (Maheswaran et al, 1993), and production of 
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lipid inflammatory mediators such as LTB4, which has been implicated as an important 
chemotactic agent for bovine neutrophils (Heidel et al, 1989) in P. haemolytica infection 
(Clarke et al, 1994). 
Previous studies have indicated that LKT-induced L TB4 synthesis involves Ca2+ -
dependent activation of cytosolic phosph9lipase A2 ( cPLA2) (Wang et al, 1998). 
Although P. haemolytica LKT may alsq ihduce:activation of5-lipoxygenase,the enzyme· 
complex responsible for oxidizing AA: to leukotrienes, cPLA2~mediated AA release 
. . 
appears to be the rate-limiting step in the process 'ofLKT-induced LTB4 synthesis. In the 
presence of exogenous AA, LKT induces substantial. production of L TB4, whereas 
. . . . . 
inhibition of cPLA2 in the absence of exogenous AA causes marked inhibition of L TB4 
synthesis (Wang et al, 1998). 
Calcium-dependent translocation of cPLA2 from the cytdsol. to cell membranes 
and protein kinase-mediated phosphorylation are considered to be important mechanisms 
involved in the regulation of cPLA2 activity (Clark et al, 1991; Lin et al, 1993). The 
results of previous experiments investigating LKT-induced effects on cl>LA2 activity in 
the presence or absence of .extracellular Ca2+ have supported an important signal . 
transduction. role for Ca2+ (Wang et al, 1998). However, it is not clear whether the 
. regulatory effects of [Ca2+Ji are restricted to direct effects on cPLA2 or whether other 
enzymes niay be .involved .. ·· Indeed, in human neutrophils, PLD is crucial to full 
expression of cPLA2 hydrolytic activity .. PLD is ubiquitous. in resting neutrophils, but in 
stimulated cells it concentrates in the plasma membrane (Morgan· et al,. 1997), where· it 
specifically hydrolyzes PC to yield PA· arid choline. PA 'is further metabolized by · 
phosphatidate phosphohydrolase (PAP) to diglycerides (DG) (Exton, 1997). When intact 
human neutrophils were. primed with tumor necrosis factor a and stimulated with N-
formyl-Met-Leu-Phe, AA release. occurred in parallel with enhanced PA and DG 
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formation (Bauldry and Wooten, 1997). Therefore, in human neutrophils, PLA2 activity 
. is induced by the products of PLD catalysis. Similar results have been reported using rat 
neutrophils {Fujita et al, 1996). 
The results of the present study provide strong evidence that LKT-induced 
activation of PLA2 is mediated by.PLO, principally via calcium-dependent production of 
: . . . . . 
. . 
. . . 
PA. Although it is possible that PA may promote PLA2 activity by serving as a substrate, 
. . . 
the experiments involving ethanol inhibition ofJ>A production and addition of exogenous 
PA indicated that· production of PA by PLD stimulates hydrolysis of [3H] AA-labeled 
phospholipid substrate. This effect · of PA is consistent with its many regulatory 
influences on an array of neutrophil functions, such as neutrophil production of free 
oxygen radicals, degranulation. and phagocytosis (revie~ed in Olson and Lamberth, 
1996). Indeed, PA is considered an important. intracellular . lipid., messenger in many 
signaling pathways and may facilitate transport of extracellular Ca2+ across the plasma 
membrane as well as mobilization of intracellular Ca2+ (reviewed in English et al, 1996). 
Furthermore, studies have indicated that PA can stimulate protein kinase C (PKC) and 
mitogen-activating protein kinase (MAP) activities, both of which may be involved in 
phosphorylation of cPLA2. Also, PA is an anionic phospholipid that may alter the 
physical properties of· cell membranes in such a way that cPLA2 · activity can be 
· influenced. Thus, there are .several mechanisms whereby PA can regulate cPLA2 activity 
--: . ' . . . ... .. . 
that do not involve ~erving as a substrate for AA production: 
The mechanisms whereby PLD itself is regulated inclmle phospholipase C (PLC)-
medjc}.ted activation of protein kinase C (PKC), the small G proteins of the ADP-
ribosylation factor (ARF) and Rho families, and fluxes in intracellular Ca2+ concentration 
([Ca2+]J (Olsen and Lambeth, 1996; Exton, 1997). Both in vivo and in vitro studies have 
indicated that activation of PLC generates diglycerides (DG) and inositol triphosphate 
(IP3). The production of DG and resulting increase in [Ca2+]i caused by IPrmediated 
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mobilization of intracellular Ca2+ activate PKC, which in turn activates PLD directly or 
· indirectly via the G proteins. However, the results of the present study suggest a more 
direct role of Ca2+, possibly via influx of extracellular Ca2+ through pores in the plasma 
membrane caused by LKT. Further support for a more direct role ofCa2+ can be found 
in observations that PLD can be activated by agonists that act via G proteins without .the 
. . 
involvement of PKC and that chelation of Ca2+ will inhibit activation of PLD by these 
agonists (Exton, 1997), thus suggesting that Ca2+ may exert direct control on · PLD 
activity. 
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' CHAPTERVI' 
SUMMARY.CONCLUSIONS. 
The pathology of pneumomc pasteur~llosis is characterized by extensive 
infiltration of ne11trophils. Several. studies .· (reviewed earlier) have suggested that 
mobilization of. neutrophils .does. not .comb11t. bact~rial infection effectively, but 
contributes to the lung injury: Therefore, identification of pathogenic pathways 
' .. .' ' . 
responsible for neutiophil in~ux, activa.tibn, and'· lysis has · the · potential to promote 
development of strategies for control of P. haemolytica infection. 
LKT and LPS are believed to be the major virulence factors of P. haemolytica 
contributing to lung injury. Although .LPS rµ~y play an ilfip~rtant role in causing 
' ' 
vascular injury and lung edema, relative to · LKT it appears to · have little effect on · 
' ' 
neutrophil~mediated inflammation. In contrast, LKT is specifically cytolytic to bovine 
leukocytes at high concentrations and causes a number of cellular responses in bovine 
neutrophils at low concentrations, including generation of reactive oxygen radicals, 
degranulation, ap6pfosis~ and production of eicosanoids. Both in vitro and in vivo studies 
have indicated that LTB4, a potent chemotactic.agent for bovine neutrophils, is produced 
in sites of P. haemolytica infection and specifically· in response to LKT. 
Results of tLprevious experiment suggested that the rate-limiting step in synthesis 
of eicosanoids, both prostanoids and leukotrienes, is hydrolytic release of AA from 
neutrophil membranes (Clinkenbeard et al, 1994). The goal of the present experiments 
was to examine the involvement of various phospholipases in LKT-induced L TB4 
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synthesis and to identify important regulatory mechanisms responsible for PLAr 
mediated AA release. 
The involvement of PLA2 in LKT-induced synthesis of LTB4 was studied using 
bovine neutrophils labeled with [3H] AA. Incubation of isolated neutrophils with [3H] 
AA resulted in incorporation of radioactivity in the PLA2 substrates, PC, PI, and PE. 
Exposure of radiolabeled neutrophils to LKT caused concentration- and time-dependent 
release of radioactivity and redistribution of radioactivity in neutrophil membranes 
consistent with utilization of phosphoglyceride substrate and release of free fatty acid and 
eicosanoid products. These LKT-induced effects could be inhibited by pretreatment with 
arachidonyl trifluoromethyl ketone, an inhibitor of type IV, cytoplasmic PLA2 and were 
dependent on extracellular calcium. These results · support the hypothesis that LKT-
induced synthesis of L TB4 involves calcium-mediated increase in PLA2 activity. 
Mechanisms of regulation of cPLA2 are not well . understood, but calcium-
mediated translocation of cPLA2 from the cytosol to the cell membrane and interaction 
between PLD and cPLA2 have been implicated as important mechanisms controlling 
enzyme activity. Regulation of cPLA2 by products of PLD has been reported in human 
neutrophils exposed to physiological stimulators (Bauldry and Wooten, 1996), suggesting 
that similar mechanisms may be involved in . bovine neutrophils exposed to the 
pathological activator, LKT. The effect of LKT on PLD activity was investigated using 
isolated bovine neutrophils labeled with [3H] lyso-PC. LKT caused concentration- and 
time-dependent increases in PA production in bovine neutrophils, as measured by TLC. 
LKT-induced generation of PA and release of AA from cell membranes were inhibited 
when ethanol was used to promote the alternative PLD-mediated transphosphatidylation 
reaction, resulting in the production of PET rather than PA. The role of PA in regulation 
of PLA2 was then confirmed by means of an add-back experiment, whereby addition of 
PA in the presence of ethanol restored release of AA from neutrophil membranes. 
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The regulatory role of Ca2+ in LKT-induced release of AA from cell membranes 
was confirmed by experiments that demonstrated that both PLA2 and PLD are activated 
by LKT in a Ca2+.dependent manner. However, further experiments are needed to 
confirm whether Ca2+ may regulate PLA2 independent of its action on PLD. Similarly, 
. . 
. . . ' . 
the many possible regulatory pathways involving enzyme activation by phosphorylation 
must be explored before a comprehensive understanding of the molecular.· pathogenic 
pathways involved inLKT-induced eico~anoid synthesis emerges. 
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